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Chapter I 
GENERAL INTRODUCTION. 
Transfer ribonucleic acids (tRNA's) form a class of 
relatively small biological macromolecules with molecular weights 
varying from 25.000 to 30.000. They are best known for their role 
in protein synthesis in which they function as 'adapter molecules' 
that are responsible for fitting a particular amino acid to its 
corresponding nucleotide triplet on the messenger RNA (mRNA). In 
addition tRNA's are involved in a number of other biological 
processes among which are the regulation of gene expression and 
cell membrane synthesis. 
The role of tRNA during protein synthesis is illustrated 
in Fig. 1-1. It is aminoacylated by its cognate aminoacyl-tRNA 
synthetase. The amino acylated tRNA (AA-tRNA) forms a complex 
with elongation factor Tu (EF-Tu) in the presence of GTP and the 
complex delivers the AA-tRNA to the 'A' site of the ribosome. 
The anticodon recognizes the triplet code on the mRNA 
and, when the proper codon-anticodon complex is formed -possibly 
with the help of several ribosomal proteins and ribosomal RNA's-, 
the peptide bond is formed. The tRNA is then transferred to the 
'P' site on the ribosome and is released from the ribosome after 
formation of the next peptide bond. 
Two steps in this cyclic process play a key role in 
achieving the synthesis of amino acid sequences of functional 
proteins with sufficient accuracy i.e. proper amino acylation 
of the tRNA and correct recognition of the triplet code on the 
mRNA. 
Before tRNA starts functioning in protein synthesis, it 
has been processed already by several enzymes i.e. extra 
nucleotides on 5' and 3' side which are present in tRNA precursors 
are cleaved off; if necessary, the CCA-end is added to tRNA's 
and nucleosides at various positions are altered by many 
different tRNA modifying enzymes. 
1 
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FIG. I - l . 
Schematic r e p r e s e n t a t i o n of the r o l e of tRNA during p r o t e i n s y n t h e s i s . In 
s teps 1-3 an amino acid i s bound t o the corresponding tRNA by the enzyme 
aminoacyi-tRNA-synthetase y i e l d i n g the aminoacyl-tRNA. In s teps 4-7 poly­
pept ide synthes i s takes place on the ribosome (shaded forms). In s tep 4 the 
aminoacyl-tRNA recognizes the genet ic t r i p l e t code (codon) on the mRNA; i f 
the codon corresponds with the tRNA anticodon a pept ide bond can be formed. 
Subsequently, the tRNA s h i f t s from the ribosomal Α-s i te t o the P - s i t e . 
F i n a l l y , the tRNA i s re leased from the ribosome and the cycle s t a r t s aga in. 
(From Rich and Kim (1977), S c i e n t i f i c American 238,52; Copyright S c i e n t i f i c 
American i n c . (1977).) 
I n a l l t h e p r o c e s s e s d e s c r i b e d , t h e tRNA a c t s as a 
s u b s t r a t e and i s r e c o g n i z e d by many d i f f e r e n t enzymes. Some of 
t h e s e r e a c t i o n s a r e h i g h l y s p e c i f i c , e . g . t h e r e c o g n i t i o n of 
tRNA by i t s cognate aminoacyl s y n t h e t a s e , w h i l e o t h e r s a r e l e s s 
s p e c i f i c as e x e m p l i f i e d by t h e i n t e r a c t i o n of t h e e l o n g a t i o n 
f a c t o r Tu wi th a l l tRNA's e x c e p t t h e i n i t i a t i o n tRNA. Hence on 
t h e one hand tRNA m o l e c u l e s s p e c i f i c for d i f f e r e n t amino a c i d s 
must be s u f f i c i e n t l y e q u a l t o be r e c o g n i z e d by t h e EF-Tu f a c t o r 
y e t on t h e o t h e r hand they must be s u f f i c i e n t l y d i f f e r e n t so 
t h a t they can be charged p r o p e r l y w i t h t h e i r cognate amino a c i d s . 
As w i l l be c l e a r from t h e s e remarks t r a n s f e r RNA's have 
been s t u d i e d very e x t e n s i v e l y , among which s t r u c t u r a l s t u d i e s 
have p layed an i m p o r t a n t r o l e . In p a r t i c u l a r t h e l a s t f i v e y e a r s 
have w i t n e s s e d s u b s t a n t i a l p r o g r e s s of our u n d e r s t a n d i n g i n t h i s 
a r e a . We a r e now i n a p o s i t i o n t h a t we can b e g i n t o i n v e s t i g a t e 
t h e s t r u c t u r e f u n c t i o n r e l a t i o n s h i p s of t h i s i m p o r t a n t c l a s s of 
m o l e c u l e s t o t h e same e x t e n t t h a t has been performed f o r p r o t e i n s 
whose t h r e e d i m e n s i o n a l s t r u c t u r e has been e l u c i d a t e d . The 
developments a r e reviewed b r i e f l y below. 
tRNA pr imary and secondary s t r u c t u r e . 
T r a n s f e r RNA's a r e comprised of 75 t o 90 s u b u n i t s , t h e 
n u c l e o t i d e s . Each n u c l e o t i d e c o n s i s t s of a p h o s p h a t e group and 
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The structure of a polyribonucleotide 
chain. The numbering of the atoms of 
the bases is indicated. 
a sugar (ribose) to which a purine or pyrimidine base is attached. 
The major bases found in RNA are: adenine (A), guanine (G), 
cytosine (C) and uracil (U). The successive nucleotide units are 
linked to one another by the phosphates leading to 3'-5 ' phosphate 
bridges between the nboses (see Fig. 1-2), 
In 1965 Holley and coworkers succeeded for the first time 
in determining the base sequence (primary structure) of a tRNA 
specific for alanine isolated from yeast. On the basis of the 
primary structure it was suggested that the tRNA may be folded 
in a 'cloverleaf' secondary structure i.e. internal Watson-Crick 
hydrogen bonded basepairs (Fig. 1-3) are formed yielding four 
helical stems and three loops per tRNA (Fig. 1-4) in class I 
tRNA's or five stems and four loops in class II tRNA's. 
As of this writing the base sequences of over a hundred 
different tRNA species have been determined (Spnnzl et al.,1978) 
4 
and it turns out that the cloverleaf model provides an 
appropriate scheme for all of these molecules, despite their 
difference in base sequence and composition. In addition two 
other features were shown to be outstanding: 
- the presence of a number of modified nucleosides, 
- the presence of the same or similar bases at identical locations 
within the secondary structure (invariant and semi-invariant 
bases). 
A generalized cloverleaf structure is given in Fig. 1-4. 
As shown in this figure the formation of intramolecular Watson-
Crick basepairs gives rise to four double helical stems, three 
of which are closed by non basepaired loop regions. The 
nomenclature of the helical stems and loops (together forming 
an 'arm') is indicated. The common features of the secondary 
structure are as follows. All tRNA's have seven basepairs in the 
acceptor stem, three or four basepairs in the D-stem and five 
basepairs in the anticodon stem as well as m the T-stem. The 
basepairs in the stems are of the Watson-Crick type (Fig. 1-3) 
except for an occasional GU or Af basepair. There are always two 
nucleotides between acceptor and the D-stem, one between the 
D- and the anticodon stem and no nucleotide between the acceptor 
and the T-stem. There are always 7 nucleotides in anticodon and 
T-loops, 7-10 nucleotides in the D-loop, while the number of 
nucleotides in the variable arm can vary from 4-21 (Clark, 1977). 
The invariant and semi-invariant bases are also 
indicated in Fig. 1-4, e.g. the T-arm contains the sequence 
GTYCpunne. It was shown by the resolution of the tertiary 
Phe 
structure of yeast tRNA (see below), that the invariant and 
semi-invariant bases are involved in tertiary structure 
interactions, except for those in the anticodon loop and at the 
3' end of the molecule. 
The modified nucleosides very often contain extra 
methylgroups introduced at various positions in the base or the 
sugar. The function of the modified nucleosides in the tRNA is 
not well established. For more information the interested 
reader is referred to a recent review of McCloskey and Nishimura, 
1977. It should be mentioned, that a hypermodifled purine is 
5 
FIG. 1-3. 
The Watson-Crick basepaxrs GC (left) and AU (right) . 
15 DSTEM 7 
Я" 12 
20 
ANTICOOON STEM VARIABLE LOOP 
ANTICOOON LOOP 
FIG. 1-4. 
Generalized cloverleaf pattern of (Class I) tRNA's. The nomenclature of loops 
and stems, together forming an arm, is indicated. The number of bases in the 
two parts of the D-loop noted α and β and the variable loop is variable. 
Y denotes a pynmidine, R a purine and H a hypermodified base. 
(From Rich and Kim (1977); Scientific American 238, 52; Copyright Scientific 
American inc. (1977).) 
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often located at the 3' side of the anticodon sequence (Fig. 1-4). 
The methylgroups of this modified base may serve as a convenient 
probe in NMR experiments. 
The threedimensional structure of tRNA. 
After numerous efforts to make good quality single 
crystals of various tRNA species several groups eventually 
succeeded in obtaining x-ray diffraction patterns with sufficient 
resolution (2.5 8) from yeast tRNAPhe (Kim et al., 1971; Ladner 
et al., 1972; Ichikawa and Sunderalingam, 1972). Important 
features of the final molecular model that emerged from these 
FIG. 1-5. 
Phe 
A schematic diagram showing two side views of the yeast tRNA three 
dimensional structure, that was derived by x-ray diffraction studies. The 
sugar-phosphate backbone is depicted as a coiled tube; numbers refer to 
nucleotide residues in the sequence (see inside back cover). Hydrogen 
bonding interactions between bases are shown as cross-rungs. 
(From Rich and Kim (1977); Scientific American 238, 52; Copyright Scientific 
American inc. (1977).) 
studies (Jack et al., 1976; Holbrook et al., 1978) are summarized 
below. For a more complete discussion the reader is referred to 
the reviews of Rich and RajBhandary (1976) and of Kim (1976) . 
Met Very recently also a crystallographic study of yeast tRNAf has 
been reported (Schevitz et al., 1979). 
Phe The x-ray diffraction studies of yeast tRNA confirmed 
the existence of the cloverleaf secondary structure (see inside 
back cover) in which the four helical stems adopt a RNA double 
helix structure. In addition, these studies yielded a detailed 
picture of the interactions determining the tertiary structure, 
which is schematically shown in Fig. 1-5. This figure is a 
diagram of both sides of the molecule, where the backbone is 
represented as a coiled tube and bars indicate basepairs. The 
tertiary structure is stabilized by the formation of extra 
basepairs and stacking interactions. All but one of these 
basepairs do not have the normal Watson-Crick geometry. Details 
of the hydrogen bonded interactions in the tertiary basepairs 
are shown in Fig. 1-6. As can be seen only the tertiary structure 
basepair G.„-С^, is of the normal Watson-Crick type. 
Generally, the basepairs in tRNA form a network that 
maintains virtually all of the bases of the molecule in two 
stacking domains: the amino acid stem and the T-stem form a 
continuous helix, while another helix consisting of the augmented 
D-stem and anticodon stem is almost perpendicular to it. These 
stacking interactions are schematically shown in Fig. 1-7. 
In the tertiary structure the D-loop and T-loop are 
close together and are interconnected by the basepairs G.g-C,-, 
and Gΐ8-ψ55; t h e latter basepair is stacked on the T54-m A 5 8 
basepair within the T-loop. The tertiary structure in the 'corner' 
of the molecule is stabilized by basepainng between Ug-A. ., 
A g-A 2 3,
 Gi5 _ C4Q a n d G22 _ G46" T h e c o n n e c t l o n between the D-stem 
and the anticodon stem is formed by the unusual G^-A. . basepair. 
Many of the invariant and semi-invariant bases are involved in 
these tertiary structure interactions; e.g. the UQ-A.. basepair 
can be formed in all tRNA's of which the sequence is presently 
known. This has been used as an argument favoring the notion that 
all class I tRNA species have a similar tertiary structure. 
θ 
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FIG. 1-6. 
Phe T e r t i a r y basepai r s in yeas t tRNA 
(From Rich and RajBhandary (1976), Ann. Rev. Biochem. 45, 805-060; Copyright: 
Annual Reviews I n c . 1976) 
') 
FIG. 1-7. 
Schematic representation of the orientation of the bases in the x-ray 
Phe 
structure model of yeast tRNA . The polynucleotide backbone is reduced to 
a thin line; boards represent basepairs and bases. Note, that nearly all of 
the bases are stacked upon each other. 
(From Rich and Kim (1977), Scientific American 238,52; Copyright: Scientific 
American Inc. (1977).) 
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There is always some doubt as to whether the static 
crystal structure is the same as the structure in solution, even 
though there is a considerable amount of water in the tRNA 
Phe 
crystals. Before the x-ray model of yeast tRNA was available 
a number of investigations had probed the three dimensional 
structure of tRNA using 'chemical' techniques i.e. by means of 
complementary oligonucleotide binding and by base specific 
chemical modification. 
A tri- or tetra-nucleotide of a specific sequence can 
bind specifically to single stranded regions of RNA, that contain 
a sequence complementary to that of the oligonucleotide 
(Uhlenbeck et al., 1970). Binding of a specific oligonucleotide 
to a tRNA thus indicates that the complementary sequence present 
in the tRNA is not shielded by secondary or tertiary interactions. 
Such experiments have been performed for several tRNA species. 
The results indicate that the 3' end of the acceptor stem and 
the anticodon loop are available for intermolecular basepairing, 
while the rest of the bases is more or less shielded. These 
experiments are in fair agreement with the crystal structure of 
Phe yeast tRNA , since the 3' end and anticodon loop are the only 
single stranded regions in the crystal structure as well. The 
availability of bases in the D-loop as studied by means of 
oligonucleotide binding may vary among different tRNA's, but 
generally the binding is weak. In one respect the oligonucleotide 
binding experiments seem to be in apparent conflict with the 
crystal structure in that the two bases at the 5' side of the 
anticodon loop seem to be available for intermolecular base-
pairing (Eisinger and Spahr, 1973), while that would not be 
possible if the crystal structure prevailed in solution. However, 
it can be concluded that complementary oligonucleotide binding 
experiments generally confirm the generalized tRNA tertiary 
structure model derived form x-ray diffraction studies on yeast 
tRNAPhe. 
A similar conclusion can be drawn from base specific 
chemical modification experiments of several tRNA's. Again the 
3' terminus and the anticodon loop are most susceptible to 
chemical modification. This is interpreted in that these bases 
11 
are most exposed to the solution (see also Rich and Ra^Bhandary, 
1976) . 
NMR studies of tRNA's. 
Nuclear magnetic resonance spectroscopy (NMR) is the 
most powerful physical technique to obtain information about the 
structure of tRNA's in solution. As of to date three spectral 
regions have found to be suitable to perform such studies: 
- the 11 NMR spectrum between 10-15 ppm (relative to DSS), where 
resonances of hydrogen bonded protons can be observed, 
- the II NMR spectrum between 0-4 ppm (relative to DSS), where 
the resonances of the methyl and methylene groups of the 
modified bases are observed, 
- the Ρ NMR spectrum. 
In this section the results obtained will only be reviewed in 
sofar as they are relevant to the structure in solution. 
In 1971 Kearns, Patel and Shulman discovered that 
exchangeable hydrogen bonded G(N1) and U(N3) protons can be 
observed in the low-field NMR spectrum of double helical oligo­
nucleotides and tRNA's. These resonances, well resolved from the 
bulk of the proton resonances of the tRNA and from the huge water 
peak, are found between 10-15 ppm. Subsequently, considerable 
progress has been made in NMR studies on tRNA m aqeous solution. 
In the low-field NMR spectrum of several class I tRNA's an 
intensity of 26+1 protons was observed (Daniel and Cohn, 1975; 
Reíd and Robillard, 1975). On the basis of the cloverleaf 
structure 20 protons were expected; the remaining 6 resonances 
are thought to arise from tertiary structure interactions, as 
predicted by the x-ray structure model. Some of these resonances 
have been assigned to particular tertiary basepairs. This was 
done by comparing the tRNA spectra before and after chemical 
modification of specific sites e.q. the m G., residue (Salemink 
4 
et al., 1977) or the s Ug residue found in many E.coli tRNA's 
(Daniel and Cohn, 1975; Wong and Kearns, 1974; Reíd et al., 1975). 
In this way support for the three dimensional x-ray model 
described above has been provided. The location of the tertiary 
12 
resonances is more extensively described by Reid and Hurd (1977), 
Robillard et al., (1977) , Römer and Varadi (1977) and Johnston 
and Redfield (1977). 
As indicated above already the hydrogen bonded resonances 
are found between 10 and 15 ppm down-field from DSS. Their 
different resonance positions have been explained by taking into 
account the upfield shifts caused by the ring currents of the 
neighbouring bases. Using this approach a ring current shift 
table for all possible combinations of neighbouring basepairs has 
been derived to predict the hydrogen bonded proton spectra of 
tRNA's (Shulman et al., 1973). 
At the time of the first calculations the crystal 
Phe 
coordinates of yeast tRNA were not available and it was 
assumed that the double helical parts, i.e. the cloverleaf stems, 
possess a normal RNA double helical structure; consequently only 
the ring current shifts of the hydrogen bonded protons in the 
secondary structure could be predicted. After the crystal 
structure became available, the ring current shifts of the 
secondary as well as the tertiary hydrogen bonded protons have 
been calculated from the crystal coordinates (see chapter II). 
These calculations provide additional support that the crystal 
and solution structures are grossly similar (chapter II), as far 
as the helical stems are concerned. 
Kan et al., (1975, 1977) were able to assign the methyl 
Phe 
and methylene resonances in yeast tRNA by a careful comparison 
of the resonance positions in the intact tRNA with those of the 
mononucleosides , mononucleotides or appropriate oligonucleotides 
at various temperatures. There are 12 modified nucleosides in 
the tRNA, distributed over the whole molecule with the exception 
of the acceptor stem. The various resonances serve as probes of 
the structure of the direct environment giving together an 
overall view how tRNA behaves during thermal melting and other 
processes; e.g., it has been observed, that upon melting of the 
tRNA, the methyl resonance of T_ . shifts considerably downfield 
providing evidence for its involvement in tertiary folding. 
Recently, Robillard et al.(1977) have extended these experiments. 
Using the hydrogen bonded as well as the methyl resonance spectra 
13 
they have thoroughly studied the melting transitions in yeast 
Phe 1 
tRNA . Generally, the observations in the H NMR studies of 
methyl and methylene protons can be understood on the basis of 
Phe the tertiary structure of yeast tRNA 
Another probe of tertiary tRNA structure is provided by 
its Ρ NMR spectrum. It has been shown by Salemink et al. (197 9) 
31 31 
that the Ρ resonances well resolved from the bulk Ρ 
resonance, represent phosphate groups folded differently from 
those in the normal double helix. In total seventeen of these 
phosphates have been detected in close agreement with the 
number found in the crystal structure. 
In the following chapters the solution structure of 
Phe tRNA in the presence of oligonucleotides complementary to 
the anticodon loop is investigated by means of high resolution 
NMR spectroscopy. An analysis of the hydrogen bonded proton 
Phe NMR spectrum of yeast tRNA in the absence of oligonucleotides 
precedes these investigations. This spectrum is interpreted by 
comparing the experimental spectrum with a theoretical spectrum, 
which is derived from the crystal structure of the tRNA by 
means of ring current shift calculations (chapter II) . In 
deriving the theoretical spectrum we also make use of NMR 
studies of model systems consisting of helices of oligo A and 
oligo U (chapter III). Subsequently, the effects of binding of 
the tetranucleotide UUCA on the structure of yeast and E.coli 
Phe tRNA are described in chapter IV and V respectively. It will 
be shown in chapter VI that the anticodon loop is flexible and 
that it can be forced into a particular conformation by binding 
of complementary oligonucleotides e.g. the pentanucleotide 
UUCAG. A model for this conformation is proposed on the basis 
of our observations. Binding of the trinucleotide UUC leads to 
special effects not observed for the other oligonucleotides. 
This is described in chapter VII. In the final chapter (chapter 
VIII) the results are related to tRNA functioning during 
protein synthesis. 
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Chapter II 
Phe 
THE LOW FIELD NMR SPECTRUM OF YEAST tRNA , 
PREDICTED FROM CRYSTAL COORDINATES.8 
II-l Introduction. 
As described in chapter I our understanding of the three 
dimensional structure of tRNA molecules has substantially 
increased by x-ray diffraction studies of crystalline yeast 
Phe tRNA . These studies have confirmed the existence of the 
cloverleaf secondary structure for this molecule (Kim et al., 
1974, Robertus et al.,1974) and in addition have yielded a 
detailed picture of the interactions determining the tertiary 
structure (Ladner et al., 1975, Quigley et al., 1975). Parallel 
to these investigations NMR studies have shown that the G(N1) 
and U(N3) protons of tRNA's involved in hydrogen bonding in the 
secondary as well as in the tertiary basepairs are also present 
in aqueous solution (Reíd et al., 1975; Reíd and Robillard, 1975; 
Daniel and Cohn, 1975; Wong and Kearns, 1974). The NMR spectra 
of these hydrogen bonded ring N protons, situated between 10 and 
15 ppm downfield from DSS, could be reasonably interpreted on 
the basis of ring current calculations i.e. the proton resonances 
of the N-H....N moieties are shifted upfield from their 
intrinsic positions by the ring currents from the neighbouring 
bases (Shulman et al., 1973). 
Phe Since the crystal coordinates of yeast tRNA are 
presently available, it is worthwhile to derive the low-field 
NMR spectrum of the tRNA from these data and to compare in this 
way the crystal structure with the solution structure. Therefore, 
the ring current shifts in hydrogen bonded G(N1) and U(N3) 
Phe protons of yeast tRNA were calculated (section II-3). By 
combining the results with independently determined intrinsic 
s Part of the results described in this chapter has been published: 
Geerdes and Hilbers (1977). 
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resonance positions (section II-4) the low-field NMR spectrum of 
Phe yeast tRNA has been derived and this spectrum is compared with 
the experimental spectrum (section II-5). Also, shielding of 
effects due to the local diamagnetic anisotropic susceptibility 
can in principle affect the resonance positions of the hydrogen 
bonded protons; these shifts were also taken into account as 
described in section II-6. Finally, the crystal structure of 
Phe yeast tRNA has been used to provide a general method to 
predict the resonance positions of the hydrogen bonded protons 
in GU basepairs (section II-7). 
II-2 Materials and methods. 
The intrinsic position of the hydrogen bonded imino-
protons in isolated GC basepairs was determined by measuring the 
resonance position of the G(N1) protons as a function of the 
ratio C/G. This resonance shifts downfield as a result of complex 
formation with cytidine. The maximal shift of the G(N1) H 
resonance in this titration experiment was obtained by applying 
an iterative procedure described by Nakano et al. (1967). To this 
end the following reaction equation was used to describe the 
equilibrium in these experiments (see section II-4): G + С •*--*• GC. 
The equilibrium constant and the shift of the proton in 
the hydrogen bond i.e. the intrinsic resonance position were 
used as parameters to fit the calculated to the experimental 
shifts. Mixtures of methanol-DMSO were used as a solvent. This 
permitted us to carry out the experiments at temperatures as low 
as -350C. 
The NMR experiments were carried out on a Vanan 
XL 100-FT spectrometer. The field frequency ratio was stabilized 
2 by an internal H lock. Temperatures were held constant within 
+ 1 C. The spectra were referenced with respect to the resonance 
position of DSS. 
1 Phe 
The H NMR spectra of yeast tRNA were obtained with a 
Bruker 360 MHz NMR spectrometer by means of correlation 
spectroscopy (Dadok and Sprecher, 1973; Gupta et al., 1973); the 
HjO resonance was used as an internal reference; spectra were 
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subsequently referred to DSS taking the temperature dependent 
shift of the H^O resonance into account. 
Phe Yeast tRNA was obtained from Boehringer Mannheim; it 
had an aminoacid acceptance of 1400 pmol/A?fi0, as determined by 
the manufacturer. The tRNA was handled as described in section 
III-2. 
The chemical shift calculations were carried out on a 
IBM 370 computer. 
II-3 Shift calculations. 
II-3-1 Ring current shifts. 
Ring current shifts were calculated following the methods 
of Giessner-Prettre and Pullman (1970). In this approach the ring 
current shielding effect of a polycyclic aromatic molecule on a 
proton is calculated from: 
Δδ = 2.13 Σ Ξ±. G, II-l 
ι
 ri 
where Δδ stands for the calculated ring current shift. 
Σ represents the summation over the contributions of all aromatic 
rings in the molecule, which are counted separately in this 
approach. I is the ring current intensity of ring ι defined 
relative to the ring current intensity in benzene as calculated 
by the Parnser-Parr-Pople approximation (Giessner-Prettre and 
Pullman, 1965) . r Is the radius of ring ι and G is a geometrical 
factor given by: 
2 2 
2 1 - Ρ -7_ 
G = τ (K_ + =-.E_) + 
{(1+рГ + 7 V (1-P) + ? 
2 2 " ^ 
Ρ -z
+ 
{(1+p) + 2
+
} (1-p) + z
+ 
In equation II-2 ρ and ζ are the cylindrical coordinates of the 
proton under consideration with respect to a particular aromatic 
ring. The z-axis is chosen through the centre of the ring 
perpendicular to a plane through the ring atoms, while ρ is the 
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distance of the proton to the z-axis. ζ = ζ + <z>, where < z> 
is the distance of the current loop to the plane through the 
ring atoms; the loop is located at the average distance of the 
2p Orbitals. In the calculations <z> was taken equal to 0.57 A 
(Giessner-Prettre et al., 197 6), ρ, z
+
 and z_ are expressed in 
ring radius units. К and E are complete elliptic integrals of 
the first and second-kind respectively with modulus 
? ? 2 — 1 
]< = 4p{(l+p) + ζ } . The ring current parameters, taken from 
an earlier paper by Giessner-Prettre and Pullman (1965), are 
summarized in Table II-l. The coordinates ρ and ζ of the 
particular hydrogen bonded proton with respect to a specific 
aromatic ring within the tRNA, were calculated from the refined 
crystal coordinates of (A) Sussman and Kim, (1976), of 
(B) Quigley et al., (1976) of (С) Jack et al., (1976) and of 
(D) Hingerty et al., (1978) in the following manner: 
a. Using a least squares approach, a plane was calculated through 
the atoms of each ring. 
b. The cartesian coordinates of the iminoproton in a particular 
basepair were determined. To this end the Watson-Crick imino­
proton was located on the line connecting the midpoints of the 
two complexing rings at a distance of 1.0 A from the nitrogen 
to which it is covalently bound. In the non Watson-Crick pairs 
the iminoprotons were located on the line connecting the two 
complexing nitrogen atoms again at a distance of 1.0 A from 
the nitrogen to which they are covalently bound. 
c. Subsequently the cartesian coordinates of the iminoprotons 
were converted into cylindrical coordinates ρ and ζ defined 
TABLE II-l . 
Ring current parameters of adenine, guanine, uracil and cytosine. (Giessner-
Prettre and Pullman, 1965). The radii are given in A; ring current intensities 
are relative to that calculated for benzene. 
A6 A5 G6 G5 С U 
ring current intensity 0.882 0.666 0.750 0.629 0.272 0.084 
radius 1.35 1.15 1.37 1.15 1.37 1.37 
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with respect to a particular aromatic ring. 
In the shift calculations only the contributions of rings within 
a distance of 10 A from the proton were considered i.e. nearest 
and next-nearest neighbours were taken into account. 
Contributions of bases at distances > 10 A are neglegible. Shift 
contributions of the rings of the basepair, in which the imino-
proton is located were omitted. These shifts are comprised in 
the intrinsic position of the proton. The elliptic internals 
were calculated according to a procedure by Cody (1965) . 
The ring current shifts cf the hydrogen bonded protons 
Phe in the GU basepair, present in the acceptor stem of yeast tRNA 
were calculated according to the methods described above. 
These calculations were extended to determine the ring 
current shift contributions from all possible combinations of 
nearest and next-nearest neighbours at the hydrogen bonded 
protons in a GU basepair. To this end the coordinates of these 
combinations neighbours of the GU basepair were generated by 
transferring the neighbouring purine-pyrimidine basepairs in the 
Phe 
acceptor stem of yeast LRNA to pyrimidine-purine basepairs 
etc. This can be done, since the glycosidic N's of the bases in 
a regular helix have a constant distance with respect to the 
helix axis. The transformation is effected by making a mirror 
image of the basepair with respect to the dyad axis i.e. the line 
located within the plane of the basepair going through the helix 
axis and through the middle of the line connecting the purine N9 
with the pyrimidine N1. As a check, the GU basepair was treated 
similarly i.e. transferred to a UG basepair. The ring current 
shifts calculated for the resonances of the UG pair turned out 
to be the same as those for the GU pair, as expected for symmetry 
reasons. 
II-3-2 Shifts due to bond diamagnetic anisotropic 
susceptibilities. 
Apart from the shielding effects generated by ring 
currents also contributions of the anisotropy of the diamagnetic 
susceptibility of individual bonds may affect the resonance 
positions. Well known examples are the shifts induced by carbonyl 
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F I G . I I - l . 
The reference system, in which the tensor elements of the bond diamagnetic 
s u s c e p t i b i l i t y tensor in pur ine and pyrimidine bases are defined. The z-axis 
i s perpendicular to the plane through the bases . 
groups and by t h e σ bond a n i s o t r o p y of C-C bonds (Didry and 
Guy, 1961; Jackman and S t e r n h e l l , 1 9 6 9 ) . 
The e f f e c t of t h e d i a m a g n e t i c s u s c e p t i b i l i t i e s on t h e 
p r o t o n chemical s h i f t s was c a l c u l a t e d a c c o r d i n g t o t h e d i p o l a r 
a p p r o x i m a t i o n (McConnell, 1957) from t h e fo l lowing e q u a t i o n 
( P o p l e , 1962) : 
Δδ
Λ
 = Ì Σ Τ,χΧ
α
(3Κ^. R. . - κίτ.δ
 0 ) / R ^ . 
А 3 . ,,Λαβ Ai A i , Ai а3 Αι 
ι aß H a ß 
where Δ6
η
 Stands for the shift calculated for atom Α; χ - is the 
Α Οι ρ 
αβ element of the susceptibility tensor of bond i ; α, β = χ,y,ζ 
are the cartesian coordinates in the molecular frame of 
reference (Fig. II-l). К
д
. is the distance between nucleus A and 
the origin of bond i chosen at one of the atoms. Σ represents 
the summation over all bonds of the tRNA bases. Only 
contributions of bonds located within 15 A were included in the 
calculations, since at greater distances the contributions are 
neglegible. 
The tensor elements were kindly made available to us by 
Dr. C. Giessner-Prettre. 
II-4 Intrinsic positions. 
The intrinsic resonance position of a hydrogen bonded 
proton is its resonance position in the isolated basepair i.e. 
the resonance position when no aromatic neighours are present. 
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FIG. 11-2. 
Resonance position of the G(Nl) proton (in ppm downfield from DSS) as a 
function of the C/G ratio in a mixture of DMSO/methanol (2:1, v/v) at -32 C; 
G concentration was 35 mM. 
The intrinsic resonance positions of the ring N protons in AU 
and GC basepairs have been derived previously by means of NMR 
studies of DNA and RNA helices by correcting the observed 
resonance positions with estimated ring current shifts. 
II-4-1 Intrinsic position in the GC basepair. 
In an attempt to derive the intrinsic positions more 
directly, the resonance position of the N.H proton of guanosine 
was recorded as a function of the C/G ratio in DMSO/methanol 
mixtures. The result of such a titration experiment, performed 
at -320C, is given in Fig. II-2. This and other curves, obtained 
at different temperatures, were analysed according to the 
reaction: 
G + С «--»• GC. 
It is to be expected that at high C/G ratios and low temperatures 
the equilibrium is shifted to the right. This is observed indeed 
as is demonstrated by the leveling off of the curve at high 
C/G ratios. From the shift of the G(N1) proton and from the 
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shifts of the aminoprotons of the guanosine and cytidine residue, 
it can be concluded that only Watson-Crick basepairs are formed 
(Shoup et al., 1966). In addition the formation of the 1:1 complex 
is confirmed by plotting the shifts of Fig. II-2 in the form of 
a Scatchard plot, which results in a straight line which 
intersects the x-axis at X = 1.0. The titration curve of Fig. 
II-2 was analysed according to the procedure of Nakano et al. 
(1967). In this way the resonance position of the G(N1) H in the 
Watson-Crick GC pair was calculated to be 13.6 ppm downfield 
from DSS. This position turned out to be independent of 
temperatures between -20 С and -35 C, the temperature region we 
could cover without extensive line broadening. It was also 
independent of the DMSO/methanol ratio, which was varied between 
1:1 to 2:1 (v/v). The intrinsic position is listed in Table II-2 
together with values obtained from experiments on model RNA and 
DNA double helices. An average position of 13.6 ppm was used 
throughout this thesis. 
II-4-2 Intrinsic position in the AU basepair. 
To determine the intrinsic resonance position of the 
U(N3) proton in the AU basepair, similar experiments were 
performed on acetylated adenosine-uridine mixtures dissolved in 
chloroform. However, in addition to forming Watson-Crick 
basepairs A and U can also associate to triples and Hoogsteen 
pairs under our solution conditions. It followed directly from 
a Scatchard plot that not only 1 :1 AU complexes were formed. We 
were not able to separate out the individual intrinsic positions 
of AU and AU- combinations, due to the complicated mixture of 
complexes one obtains i.e. AU, AU2, free A and U. Therefore we 
determined the intrinsic positions of the Watson-Crick and 
Hoogsteen AU basepairs from U(N3) proton resonances of (oligo A-
oligo U) duplexes and (oligo U - oligo A - oligo U) triplexes 
in HJO solutions as described in chapter III. The intrinsic 
positions of the iminoprotons m the Watson-Crick basepairs 
derived from these spectra are given in Table II-2. In addition 
intrinsic positions were obtained from published experiments on 
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TABLE II-2. 
Comparison of the intrinsic positions (in ppm downfield from DSS) of the 
G(N1) and U(N3) protons in the Watson-Crick basepairs determined in this 
thesib with those derived from oligonucleotide studies. 
nucleotide complex & ,_ AU (AT) 6 GC 
intrinsic intrinsic 
GC a 13.6 
oligo A-oligo U, double helix 14.4 
oligo A-oligo U, triple helix 14.5 
various DNA sequences 14.6+0.2 13.6+0.1 
(dAAAGCTTT)^ 14.6 13.5 
(AAGCUU) 14.8 13.8 
intrinsic position used 14.5 13.6 
a. section II-4. 
b. Patel and Tonelli, (1974) 
с Kallenbach et al. (1976) 
d. Kan et al.,(1975Ь) 
DNA and RNA model systems. They are also listed in Table II-2. 
In the calculations resonances from terminal basepairs were not 
taken into account because of the occurence of fraying effects 
demonstrated earlier (Patel and Hilbers, 1976) . On the basis of 
the data in Table II-2 a value of 14.5 ppm was used as intrinsic 
position for the hydrogen bonded U(N3) proton in the AU basepair. 
II-5 Ring current shifts of hydrogen bonded G(N1) and U(N3) 
protons in yeast tRNA 
The ring current shifts of the hydrogen bonded G(N1) and 
U(N3) protons, secondary as well as tertiary, were calculated 
according to the methods described in section II-3-1 from four 
sets of crystal coordinates. They are listed in Table II-3. The 
numbering of the basepairs corresponds with the numbering 
indicated in the cloverleaf structure given in the back cover. 
The predicted resonance positions are indicated in 
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FIG. І І - З . 
Phe Comparison of the experimental low-field NMR spectrum of yeast tRNA with 
t h e o r e t i c a l spect ra derived from c r y s t a l coordinates by means of r ing 
c u r r e n t s h i f t c a l c u l a t i o n s . The c a p i t a l s Α-D r e f e r t o the various s e t s of 
c r y s t a l coordinates as in Table I I - 3 . The c a l c u l a t e d resonance p o s i t i o n s in 
the t h e o r e t i c a l s p e c t r a , obtained as described in s e c t i o n I I - 5 , are i n d i c a t e d 
by s o l i d s t i c k s . Dashed s t i c k s i n d i c a t e resonance p o s i t i o n s of protons placed 
a t a c e r t a i n p o s i t i o n in the spectrum for reasons discussed in the t e x t . The 
experimental spectrum was recorded a t 35 C, s o l u t i o n c o n d i t i o n s : 1.0 mM tRNA, 
100 mM NaCl, 10 mM MgCl , 15 mM Na S О , 10 mM sodiumphosphate a t pH 7.0. 
F i g . I I - 3 . The p o s i t i o n s of t h e normal Watson-Crick b a s e p a i r e d 
p r o t o n s were o b t a i n e d by adding t h e r i n g c u r r e n t s h i f t s l i s t e d 
i n Table I I - 3 t o t h e i n t r i n s i c p o s i t i o n s , t h a t were d e r i v e d i n 
s e c t i o n I I - 4 i . e . 14.5 ppm for t h e U(N3) p r o t o n i n t h e AU 
b a s e p a i r and 13.6 ppm for t h e G(N1) p r o t o n i n t h e GC b a s e p a i r . 
The r e s o n a n c e s of t h r e e secondary b a s e p a i r s were t r e a t e d 
d i f f e r e n t l y . For r e a s o n s t o be d i s c u s s e d below t h e AU.- r e s o n a n c e 
was p l a c e d a t 13.8 ppm. The p o s i t i o n of t h e ΑΨ-.. r e s o n a n c e was 
chosen a t 13.3 ppm, a p o s i t i o n o b t a i n e d for t h i s b a s e p a i r m 
Phe NMR s t u d i e s of t h e a n t i c o d o n h a i r p i n of y e a s t tRNA ( L i g h t f o o t 
e t a l . , (1973); Rordorf , 1975) . The r e s o n a n c e p o s i t i o n of t h e 
U(N3) p r o t o n i n t h e GU b a s e p a i r was s e t a t 11.8 ppm i n a c c o r d a n c e 
with t h e r e s o n a n c e p o s i t i o n d e t e r m i n e d by J o h n s t o n and R e d f i e l d 
(1978) (see a l s o s e c t i o n I I - 7 ) . 
The t e r t i a r y r e s o n a n c e s were p o s i t i o n e d as f o l l o w s . For 
two of t h e t e r t i a r y r e s o n a n c e s we have r e s o r t e d t o a s s i g n m e n t s 
based on NMR s t u d i e s of modif ied tRNA's. The U Q - A , . r e s o n a n c e 
8 14
 4 
was located at 14.4 ppm, because dethiolation of the s ,-,8-Al4 
basepair to Ug-A . in E.coli tRNA's results in the shift of a 
resonance from 14.9 to 14.3-14.2 ppm, which is therefore 
assigned to this basepair. (Reíd et al., 1975; Daniel and Cohn, 
1975; Wong and Kearns, 1974). The G(N1) H resonance in the 
7 
m G.,-G-, basepair was set at 12.5 ppm, a position obtained by 
Phe 
comparing the spectra of yeast tRNA before and after removal 
of the m G., base (Salemink et al., 1977). The rest of the 
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TABLE II-J. 
Rxng current shxfts (Δ6, ppm) of the hydrogen bonded G(N1) and U(N3) protons, 
which give rise to resonances below 11.5 ppm in the low field NMR spectrum 
Phe 
of yeast tRNA , calculated for four sets of crystal coordiantes: 
(A) Sussman and Kim (1976), (B) Quigley et al., (1976), 
(С) Jack et al., (1976), (D) Hingerty et al., (197Θ). The predicted 
resonance positions are indicated in Fig. ІІ-З. 
basepair 
acceptor stem 
D-stem 
Anticodon stem 
T-stem 
Tertiaries 
set of crystal 
coordinates 
GC 1 
^ 2 
GC 3 
GU U(N3) 
AU 5 
A U 6 
A 2 7 
m
2GC 1 0 
GC 1 1 
AU 1 2 
GC 1 3 
G C27 
^ 2 8 
A U 2 9 5 
Gm C 3 0 
Α ψ 3 ΐ 5 
G m C49 
A U50 
GC 5 1 
AU 5 2 
^ЗЗ 
U8- A14 
G19- C56 7 
G22¡ m G46 
m2G26;A44 
T54- m A 5 8 
ring 
A 
1.48 
0.99 
1.24 
0.81 
0.64 
0.63 
1.04 
0.81 
0.44 
0.36 
0.47 
1.14 
2.02 
0.97 
0.93 
0.17 
1.49 
1.31 
1.27 
1.00 
0.99 
0.46 
0.78 
2.02 
0.27 
0.33 
current ohifts 
В 
0.99 
0.73 
1.32 
0.47 
0.57 
0.29 
1.05 
0.74 
0.33 
0.41 
0.97 
1.25 
2.02 
1.30 
1.48 
0.54 
1.68 
1.23 
1.25 
1.03 
0.62 
0.46 
0.77 
1.45 
0.45 
0.37 
in ppm 
С 
1.47 
0.78 
1.15 
0.65 
0.53 
0.49 
1.14 
0.75 
0.36 
0.38 
0.54 
1.08 
1.74 
1.05 
1.24 
0.38 
1.39 
0.88 
1.51 
0.93 
1.04 
0.45 
0.58 
1.69 
0.40 
0.30 
D 
1.43 
0.91 
1.06 
0.50 
0.51 
0.46 
1.07 
0.61 
0.30 
0.40 
0.73 
1.19 
1.58 
1.21 
1.13 
0.32 
1.54 
0.97 
1.41 
1.00 
1.05 
0.49 
0.58 
1.92 
0.44 
0.31 
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resonances of non-Watson-Crick pairs, were positioned in such a 
way as to achieve an optimal intensity distribution: m Α,-Ο-Τ,-Λ 
at 14.4 ppm and ιη-Ο-,-Α.. at 12.5 ppm. 
The resonance positions of the ring N protons in the 
Ufi-A . and m Α_ η-Ίν 4 reversed Hoogsteen basepairs can also be 
calculated, since the intrinsic resonance position of the U(N3) 
proton in the Hoogsteen basepair has been derived at 14.1 ppm 
(see following chapter. Tabel III-2). In this way a position of 
13.7 ppm was estimated for both proton resonances. This is 
about 0.7 ppm to higher field than suggested above. A possible 
explanation may be that the length of the hydrogen bond i.e. 
the N...N distance is slightly different. 
The location of the m Aj-o-Tj-. resonance at 14.4 ppm 
cannot be considered definitive, since no resonance intensity is 
observed at this position in spectra of tRNA's, which are likely 
Phe to posses the same tertiary structure as yeast tRNA i.e. 
E.coli tRNA P h e and E.coli tRNA A r g (Reíd et al., 1975; see 
Fig. VI-4). 
The resonance of the AU.„ basepair has been located at 
13.8 ppm while a resonance position of 14.1 ppm was calculated 
in agreement with NMR studies of the 5' half molecule of yeast 
Phe tRNA (Lightfoot et al., 1973). Ring current shift calculations 
by other research groups also failed to predict correctly the 
resonance position of the AU _ basepair. This has led to the 
suggestion that in solution the D-arm has a conformation slightly 
different from the crystal structure (Robillard et al., 1976 
and 1977) or that the U(N3) proton in the AU.- basepair rapidly 
exchanges with water protons (Kan and Ts'o, 1977). 
At this point it is worthwhile to compare the 
Phe 
experimental low-field NMR spectrum of yeast tRNA with the 
spectra predicted from four sets of crystal coordinates. Such a 
comparison is made using two different criteria. First, the 
distribution of resonances over the whole spectral region can 
be compared for experimental and predicted spectra. Second, the 
positions derived for the resonances of secondary basepairs on 
Phe basis of NMR studies of fragments of yeast tRNA can be 
compared with the resonance positions derived from crystal 
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spectral 
region 
a 
Ь 
с 
d 
e 
f 
observed 
intensity 
2 
4 
5 
3 
10 
2 
lABLE II-4. 
Observed and calculated intensities (number of protons) in the various 
Phe 
spectral regions of the low field NMR spectrum of yeast tRNA , the regions 
are indicated a-f in Fig. II-3. Capitals Α-D refer to the sets of crystal 
coordinates indicated in the legend of Table II-3. The observed intensities 
are taken from Robillard et al. (1976 ) . 
predicted intensity from coordinates 
А В С D 
2 3 2 2 
4 2 5 4 
6 6 4 5 
3 4 4 4 
9 8 9 10 
2 3 2 1 
coordinates. 
Phe The experimental spectrum of yeast tRNA is divided in 
six more or less distinct regions indicated 'a' through 'f ' in 
Fig. II-3. The spectra predicted on the bases of the ring current 
shift calculations are also indicated in this Figure. In 
Table II-4 the calculated intensities in the various spectral 
regions are compared with the experimental intensities. It can 
be concluded that the distribution of intensities over the whole 
spectral region is reasonable for the spectra derived from 
coordinates А,С and D and somewhat less good for coordinates B. 
Phe NMR studies of yeast tRNA fragments containing only 
one helical stem have been reported (Lightfoot et al., 1973, 
Rordorf, 1975) . Since in these NMR spectra a maximum of five 
resonances is observed, the interpretation of these NMR spectra 
is easier than that of the intact tRNA. The resonance positions 
of 13 hydrogen bonded protons in secondary basepairs have been 
derived on the basis of these fragment studies. In Table II-5 
these positions are compared with the predicted resonance 
positions for the four sets of crystal coordinates. Standard 
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Table II-5. 
Comparison of predicted resonance positions (ppm) of secondary hydrogen 
Phe bonded ring N protons in yeast tRNA with the positions observed in NMR 
Phe 
studies of yeast tRNA fragments (Lightfoot et al., 1973). Α-D refer to 
the sets of crystal coordinates indicated in Table II-3. 
fragment observed assignment predicted positions 
positions 
(A) (B) (C) (D) 
D-stem (l-33)+ 14.0 
13.2 
12.7 
Anticodon stem 13.3 
(21-57 and 27-45) 13.3 
12.5 
12.5 
12.0 
T-stem (34-76)* 13.7 
13.3 
12.6 
12.6 
12.6 
A U12 
f 11 
m G C i o 
G C13 
ΑΨ 3 1 
A U29 
- 2 7 
G m C 3 0 
G C28 
Α ϋ52 
A U50 
GC53 
«51 
G m C 4 9 
13.8 
13.2 
12.8 
13.1 
13.3 
13.5 
12.5 
12.7 
11.6 
13.5 
13.2 
12.6 
12.3 
12.1 
13.8 
13.3 
12.9 
12.6 
13.3 
13.2 
12.3 
12.1 
11.6 
13.5 
13.3 
13.0 
12.3 
11.9 
13.8 
13.2 
12.8 
13.1 
13.3 
13.4 
12.5 
12.4 
11.9 
13.6 
13.6 
12.6 
12.1 
12.2 
13.8 
13.3 
13.0 
12.9 
13.3 
13.3 
12.4 
12.5 
12.0 
13.5 
13.5 
12.5 
12.2 
12.2 
Standard deviation (ppm) 0.24 0.33 0.22 0.23 
+ only three resonances are resolved. 
Φ The spectra of the T-stem are less well resolved than those of the other 
hairpins possibly due to the presence of other double helices. This may 
explain the rather large deviation for GC and Gm С . 
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deviations have been calculated to compare the various sets of 
coordinates with each other. The agreement between observed and 
predicted positions is excellent in some cases e.g. for the 
anticodon stem predicted with coordinates D. 
The ring current shifts calculated from the four sets of 
crystal coordinates (Table II-3) show a few important differences. 
The ring current shifts of, e.g. the AU,, GC^g, AU™ and Gm С... 
basepairs may differ even 0.5 ppm or more for the various sets 
of coordinates. Most likely the most refined coordinates yield 
the most reliable results. 
It is not easy to indicate exactly what structural 
differences are responsible for the differences in calculated 
shifts, but they are expected to be small (Sussman and Kim, 
1976). On the other hand, such a large variation of resonance 
positions are not observed when the tRNA is studied under 
various solution conditions indicating that the tRNA structure 
is apparently not very sensitive to these alterations. An 
example is shown in Fig. II-4, where the low field NMR spectra 
Phe 
of yeast tRNA are presented in the absence and presence of 
10 mM Mg . Addition of Mg results in the merging of the lowest 
field resonances and also in an increase of the resonance 
intensity at 13.3 ppm with one proton resonance (Robillard et al. 
1977). The present calculations demonstrate that the NMR shifts 
are very sensitive to slight changes in conformation. Comparison 
of the present calculations with those performed earlier 
Phe (Lightfoot et al., 1973) for yeast tRNA shows only one serious 
discrepancy namely the position of the GC , resonance. In the 
earlier calculation it was assumed that this resonance 
experienced a large upfield shift from A... The x-ray diffraction 
studies show that this cannot be the case. 
Apart from the results presented in this chapter two 
other research groups have presently performed ring current shift 
Phe 
calculations from the yeast tRNA crystal coordinates. 
Robillard et al (1976) used the Haigh-Mallion approach and it is 
gratifying to see that their calculated shift values correspond 
rather well with Table II-3. Also the ring current shifts 
reported by Kan and Ts'о (1977) using the crystal coordinates 
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10 ppm 
Phc 
FIG. I I - 4 . 
360 MHz NMR s p e c t r a of t h e h y d r o g e n bonded p r o t o n s i n y e a s t tRNA*"", r e c o r d e d 
a t 35Ο0 m t h e a b s e n c e (A) and p r e s e n c e (B) of 10 mM MgCl. . S o l u t i o n 
c o n d i t i o n s : A: 1.4 mM tRNA, 0 . 1 M NaCl, 13 mM Na.S О , 30 mM s o d i u m p h o s p h a t e 
a t pH 7 . 4 ; t h e tRNA was made Mg + f r e e b e f o r e u s e ; B: 1.0 mM tRNA, 0 . 1 M NaCl, 
15 mM Na S О , 10 mM MgCl , 10 mM s o d i u m p h o s p h a t e a t pH 7.0 
s e t В compare f a v o u r a b l y w i t h our r e s u l t s . The main p o i n t of 
d i s c u s s i o n i s t h e e x a c t l o c a t i o n of t h e i n t r i n s i c p o s i t i o n of 
t h e U(N3) p r o t o n i n t h e Watson-Crick AU b a s e p a i r ; our own 
approach t o t h i s problem i s d e s c r i b e d i n s e c t i o n I I - 4 . 
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ІІ-б Shifts induced by the bond diamagnetic anisotropic 
susceptibility. 
The ring current shift method generally leads to an 
accuracy of 0.2-0.3 ppm for the predicted resonance positions 
of the hydrogen bonded protons. In some instances even less 
accurate predictions have been reported (Pinnavaia et al., 1975). 
Therefore, it has been suggested that in addition to ring 
current shifts also shifts induced by the diamagnetic 
anisotropic susceptibility of bonds may be important to obtain 
accurate predictions of the resonance positions in the H NMR 
spectra of RNA helices and tRNA's (Giessner-Prettre and Pullman, 
1976) . 
To check this possibility the shifts of the hydrogen 
Phe bonded G(N1) and U(N3) protons in yeast tRNA arising from 
the bond diamagnetic susceptibilities have been calculated from 
the four sets of crystal coordinates according to the methods 
described in section II-3-2. The results are given in Table Il-b. 
The upfield shifts vary from 0.3 to 1.0 ppm in extreme cases 
with an average of 0.7 ppm. When compared with the ring current 
shift contributions it is clear that the variation of the 
calculated shifts between the various sets of coordinates is 
relatively small.The susceptibility terms contribute 
substantially to the total upfield shift, though the 
differences between these extra shifts for the various proton 
resonances are relatively moderate in most cases. 
To take these rather high shift values into account in 
Phe the calculated low-field NMR spectrum of yeast tRNA , it is 
necessary to shift the intrinsic resonance position down-field 
by 0.7 ppm so that we obtain 14.3 ppm for the G(N1) proton in 
FIG. 11-5. 
Phe 
Comparison of the experimental low-field NMR spectrum of yeast tRNA with 
theoretical spectra derived from the various sets of crystal coordinates. 
The theoretical spectra were obtained taking into account the shifts induced 
by ring currents as well as those induced by the bond diamagnetic 
susceptibility. For other details see Fig. II-3. 
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TABLE II-6. 
Shifts (Δδ, ppm) of the hydrogen bonded protons in yeast tRNA due to the 
bond diamagnetic anisotropic susceptibilities. Capitals Α-D refer to the 
sets of crystal coordinates indicated in the legend of Table II-3. Resonance 
positions are indicated in Fig. II-5. 
basepair 
acceptor stem 
D-stem 
anticodon stem 
T-stem 
Tertiaries 
set of crystal 
coordinates 
GC1 
GC 2 
GC3 
Ä U5 
A U6 
A U7 
GCio 
^ll 
AU 1 2 
«=13 
^ 2 7 
^ 2 8 
A U?9 5 
G m C 3 0 
Gn.C4g 
AU50 
GC51 
AU 5 2 
œS3 
V A14 
G
19¡C56 
7
ra2G26-A44 
m G46;G22 
T54- m A58 
A 
0.67 
0.73 
0.94 
0.76 
0.81 
0.60 
0.66 
0.48 
0.51 
0.32 
0.81 
0.91 
0.86 
0.72 
0.31 
0.86 
0.99 
0.64 
0.70 
0.57 
0.41 
0.45 
0.44 
0.75 
0.44 
Δδ 
В 
0.52 
0.82 
1.00 
0.68 
0.57 
0.66 
0.71 
0.61 
0.50 
0.38 
0.78 
0.91 
0.86 
0.85 
0.55 
0.79 
0.86 
0.60 
0.68 
0.48 
0.49 
0.45 
0.59 
0.66 
0.52 
С 
0.62 
0.69 
0.87 
0.64 
0.67 
0.68 
0.68 
0.53 
0.55 
0.28 
0.72 
0.81 
0.76 
0.78 
0.42 
0.77 
0.73 
0.61 
0.59 
0.61 
0.47 
0.42 
0.53 
0.66 
0.48 
D 
0.62 
0.70 
0.Θ6 
0.62 
0.63 
0.67 
0.60 
0.49 
0.55 
0.43 
0.78 
0.83 
0.83 
0.74 
0.37 
0.80 
0.74 
0.63 
0.65 
0.59 
0.49 
0.41 
0.47 
0.70 
0.46 
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the GC basepair and 15.2 ppm for the U(N3) proton in the AU 
basepair. Subsequently, the predicted resonance position of a 
particular Watson-Crick hydrogen bonded G(N1) or U(N3) proton 
is obtained by adding the ring current shift (Table II-3) and 
the shift listed in Table II-6 to the intrinsic resonance 
position. The resonances of the non-Watson-Crick basepaired 
protons and the AU.- resonance were positioned as described in 
the preceding section. 
The resulting predicted spectra together with the 
experimental spectrum are given in Fig. II-5. A comparison 
between the experimental spectrum and the calculated spectra 
was made as in the preceding section. Neither the distribution 
of the resonances over the whole spectral region nor the 
agreement between calculated and observed positions of secondary 
basepair resonances as obtained from NMR studies of yeast 
Php tRNA fragments (Lightfoot et al., 1973; Rordorf, 1975) were 
significantly improved by including the shifts induced by the 
bond diamagnetic susceptibility in the calculation. 
II-7 Ring current shifts of hydrogen bonded protons in GU 
basepairs. 
According to the cloverleaf model GU basepairs (Fig. 
II-6) are found in a number of tRNA secondary structures and they 
are also expected to occur in ribosomal RNA i.e. 5S RNA and 16S 
RNA. It therefore seemed useful to make available a table 
providing the ring current shift contributions from all possible 
neighbouring basepair combinations using a format similar to 
that in earlier publications. The corresponding coordinates were 
FIG. 11-6. 
Hydrogen bonding in a GU basepair. 
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generated along the lines indicated in section 11-3-1, starting 
from the available crystal structure of the acceptor stem of 
Phe yeast tRNA , where a GU combination forms the fourth basepair. 
The resulting ring current shifts are presented in Table II-7. 
The resonances of GU protons have been identified in 
NMR spectra of different RNA's. Upon melting of yeast tRNA Sp' 
which was selected, because it contains 3 GU basepairs and 1 GT 
basepair, Robillard et al. (1976) observed four resonances in 
the low field NMR spectrum between 10 and 11.5 ppm at 70 C. These 
resonances melt out simultaneously with the resonances from the 
acceptor and anticodon stems and were assigned to the hydrogen 
bonded protons in the GU basepairs in these stems. Subsequently, 
Baan et al. (1977) observed two resonances between 10 and 12 ppm 
in the low-field NMR spectrum of the 3' terminal 49 nucleotide 
fragment of E.coli 16S rRNA, the cloacme fragment. These 
resonances could not be accounted for by normal Watson-Crick 
basepainng and were assigned to the resonances of a GU pair in 
TABLE II-7. 
Ring current shifts (ppm) on the hydrogen bonded G(N1) and U(N3) protons in 
G-U bdsepairs. 1 refers Lo the second basepair (next nearest neighbour) on 
the 5' site of the G residue, 2 refers to the first basepair (nearest 
neighbour) on the 5' bite of the G residue etc. See text for details of 
calculation method. Shifts were taken as the average value in four different 
sets of crystal coordinates. 
AU GC UA CG 
G(N1) 1 0 0 0.1 0.1 
2 0.1 0.3 1.2 0.7 
3 1.2 0.5 0.1 0.2 
4 0.1 0.1 0 0 
U(N3) 1 0 0 0 0 
2 0 0.1 0.4 0.2 
3 0.5 0.2 0.5 0.2 
4 0.2 0.1 0.1 0.1 
36 
the helical stem of the molecule. Johnston and Redfield (1978 a, 
b) have been able to show by means of saturation transfer of 
magnetization that specific proton resonances in the low-field 
NMR spectra of several tRNA's come from protons situated close 
to each other. The distance between a G(N1) proton and a U(N3) 
protons in a GU basepair is about 3.0 A. Therefore, Johnston and 
Redfield identified the 'coupled' proton resonances between 10 
and 12.5 ppm as coming from the GU basepairs. 
Resolved GU resonances in the NMR spectra of various 
RNA's are listed in Table II-8. Included in this table are the 
ring current shifts of these protons, estimated with the aid of 
Table II-7. By combining the ring current shifts with the 
experimentally observed position for these protons the intrinsic 
resonance positions could be estimated; a value 12.5+0.1 ppm was 
found for the U(N3) proton and 12.2+0.1 ppm for the G(N1)proton 
m the GU basepair. Using these intrinsic positions and Table 
II-7 it is now possible to predict the resonance positions of 
the hydrogen bonded protons in GU basepairs. 
TABLE II-8. 
Comparison of predicted and observed resonance positions (ppm) for the 
hydrogen bonded protons of G-U basepairs in the low field NMR spectra of RNA 
molecules. The rinq current shifts (Δδ ) were obtained from Table III-5. 
re 
Intrinsic resonance positions of 12.5 ppm and 12.2 ppm were used for the 
U(N3) protons and G(N1) protons respectively. 
Δδ resonance positions reference 
re 
calculated observed 
cloacine fragment: 
yeast tRNA β : 
fMst 
E.coli tRNA : 
E.coll tRNA^a : 
U(N3) 
G(N1) 
U(N3) 
G(N1) 
U(N3) 
G(N1) 
U(N3) 
G(N1) 
0.7 
1.6 
0.7 
1.6 
0.3 
0.6 
0.4 
0.7 
11.θ 
10.6 
11.8 
10.6 
12.2 
11.6 
12.1 
11.5 
11.5 
10.7 
11.8 
10.4 
12.4 
11.6 
12.0 
11.4 
Baan et al., 1977 
Johnston and Redfield 
1978a 
Johnston and Redfield 
1978a 
Johnston and Redfield 
1978b 
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11-8 Conclusions. 
It is almost self evident that it would be very 
worthwhile if a more or less general method were available to 
predict the NMR spectrum of a biological macromolecule from an 
existing x-ray structure. Among other things, this would permit 
a direct comparison of the crystal and solution structure, even 
though the latter depends on temperature, pH and salt conditions. 
This, however, is outside the scope of the theoretical methods 
presently at our disposal for calculating chemical shifts. 
In structural studies of nucleic acids in solution by 
means of NMR it has always been felt that the shifts of the 
nucleic acids base protons are mainly determined by the ring 
currents of neighbouring bases. Indeed ring current shift 
calculations of a number of model DNA and RNA compounds have 
yielded resonance positions of the hydrogen bonded ring N protons 
in fair agreement with the experimental results (Kearns, 1976; 
Hilbers, 1979). 
This is again demonstrated by the calculations of the 
resonance positions of the hydrogen bonded protons in GU 
basepairs in various RNA helices. The accuracy of the 
calculations will not be better than about 0.2 ppm. This is 
surprisingly good in view of the number of assumptions and 
inaccuracies implicit m the ring current method, i.e., cylinder 
symmetry of the calculated shielding around every aromatic ring 
is assumed; the values of the ring current intensities are 
derived from calculations on gas phase molecules; the intrinsic 
positions remain somewhat uncertain also due to neglect of the 
contributions of the anisotropy of the bond diamagnetic 
susceptibility. 
Calculation of tRNA spectra with many overlapping 
resonances will not lead to a one to one correspondence of the 
theoretical and experimental spectra. However, given sufficient 
resolution it will be possible to assign certain resonances to 
particular protons in the molecule. Implicit in this statement 
is the notion that the crystal structure is grossly similar to 
the conformation m solution. 
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Chapter III 
A NMR STUDY OF HELICAL OLIGONUCLEOTIDES. 
III-l Introduction. 
The discovery and isolation of the enzyme polynucleotide 
Phosphorylase by Grunberg-Manago and Ochoa in 1955 formed a 
major landmark in nucleic acid chemistry. With this enzyme it 
became possible to synthesize polyribonucleotides starting from 
the nucleotide diphosphates. Since then polyribonucleotides have 
been studied extensively with a variety of physical chemical 
techniques (Kallenbach and Berman, 1977). 
For instance, on the basis of x-ray fiber diffraction 
studies detailed molecular models have been developed for the 
poly A-poly U double helix, the poly U-poly A-poly U triple 
helix and the poly A-poly A double helix, which is formed under 
acidic conditions (Rich et al., 1961; Arnott et al., 1972, 1976; 
Arnott and Bond, 1973; Arnott and Seising, 1974). These models 
comprise proposals for the hydrogen bonded framework stabilizing 
the helices. The type of basepairs that are postulated for the 
poly A-poly U, the poly U-poly A-poly U and the poly A-poly A 
helices are presented in Fig. III-l. In the poly A-poly U double 
helix only Watson-Crick basepairs are present; the triple helix 
poly U-poly A-poly U contains in addition Hoogsteen basepairs 
i.e. a second poly U strand is bound to the poly U-poly A double 
helix by two hydrogen bonds per uridine residue (between the 
U(N3) and A(N7) and between A(N6) and U(04), Fig. III-l).In the 
poly A-poly A double helix, which is formed under acidic 
conditions, a special type of basepairs is found i.e. both 
amino protons of an adenine m one strand are involved in hydrogen 
bonds with the other strand. One forms a hydrogen bond with the 
A(N7) and the other one a hydrogen bond with an internucleotide 
phosphate (Fig. III-1C). Although the properties of these 
species are of interest in themselves, in this chapter they are 
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FIG. I I I - l . 
Basepa inng in (A) t h e poly A-poly U double 
h e l i x , (B) the poly U-poly A-poly U t r i p l e 
h e l i x and (C) the poly A-poly A double h e l i x 
formed under a c i d i c c o n d i t i o n s . 
mainly s t u d i e d , because s i m i l a r hydrogen bonds have been shown 
t o be c r u c i a l t o t h e format ion of t h e t e r t i a r y s t r u c t u r e of 
tRNA's. Hoogsteen b a s e p a i r s a r e found i n t h e x - r a y d i f f r a c t i o n 
Phe 
model of y e a s t tRNA between t h e r e s i d u e s Ug-A.. and between 
TV .-m A . . . Residue A. i s involved m a b a s e p a i r s i m i l a r t o t h a t 
observed i n t h e poly A-poly A double h e l i x ( F i g . 111-2, see 
c h a p t e r I ) . I t i s a n t i c i p a t e d , t h a t t h e s e t y p e s of hydrogen 
bonds w i l l a l s o be of c r u c i a l i m p o r t a n c e i n o t h e r RNA's i . e . t h e 
r i b o s o m a l and messenger RNA's. 
The hydrogen bonded p r o t o n s i n t h e s e t y p e s of s t r u c t u r e s 
a r e d e t e c t a b l e wi th NMR (Kallenbach e t a l . , 1976; 
4 0 
U12 
FIG. III-2. A23 
Phe Structure of the basepair between Aq and A in yeast tRNA 
(cf. Fig. III-1C).(Quigley and Rich, 1976). 
Steinmetz-Kayne et al., 1977; Geerdes and Hilbers, 1977) and 
the resonance positions of the protons comprise information 
about their chemical environment i.e. in nucleic acids the 
proton resonances are shifted upfield from their intrinsic 
positions mainly by the ring currents of neighbouring basepairs. 
This chapter deals with the detection and assignment of 
hydrogen bonded protons in the low-field NMR spectra of the 
basepairs in Fig. III-l. To obtain sufficient resolution in the 
NMR spectra, oligonucleotides with an average chain length of 
20 nucleotides were used (Heller et al., 1974). The present 
results support the existing models of the helices. The 
importance of the results in relation with the interpretation of 
the NMR spectra of tRNA's is discussed in section III-5. 
III-2 Materials and methods. 
Phe Poly A, poly U and yeast tRNA were purchased from 
Boehringer, Mannheim and used without further purification. 
Oligo A and oligo U with a chainlength of about 20 
nucleotides were isolated by Sephadex G 50 gel filtration 
(Stanley, 1967) of an alkaline hydrolysate prepared from the 
longer polynucleotides (Bock, 1967). All nucleotides were used 
in the Na -form. 
Phe Yeast tRNA samples for NMR studies were prepared as 
follows: 5 mg of the tRNA were dissolved in 2 ml water and 
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dialysed against a solution of 0.5 M NaCl and against 4 changes 
of 1 mM NapS-O,; it was subsequently lyophilized and dissolved 
in 0.2 ml of the buffer specified in the figure captions. If 
indicated the tRNA was made free from divalent ions according 
to a procedure described by Thiebe (1975) . After the dialysis 
it then contained 0.1 mol Mg /mol tRNA as determined by atomic 
absorption spectrophotometry. 
360 MHz proton NMR spectra were recorded on a Bruker 
360 MHz NMR spectrometer by means of correlation spectroscopy 
(Dadok and Sprecher, 1974; Gupta et al., 1974); the Η,Ο 
resonance was used as an internal reference. Spectra were 
subsequently referred to DSS taking the temperature dependent 
shift of the H_0 resonance into account. 
1 31 
100 MHz Η NMR spectra and 40.5 MHz Ρ NMR spectra were 
recorded on a Vanan XL-100 NMR spectrometer operating in the 
FT-mode. Proton noise decoupling was used to remove the proton 
phosphorous J-couplings from the Ρ spectrum; the pulse angle 
used in recording the Ρ spectra was 45 . Selective saturation 
of the HDO resonance was used during the accumulation of the 
100 MHz proton spectra. The field frequency ratio was stabilized 
by an internal deuterium lock or an external fluor lock. 
Chemical shifts are given with respect to the standard 80% H^PO. 
31 1 
for the Ρ NMR spectra and to DSS for the Η NMR spectra, with 
upfield shifts defined negative. The digital resolution was at 
least 1 point/Hz. Temperatures were held constant within 1.0 С 
for both NMR spectrometers. The indicated pH values of the 
solutions are not corrected for isotope effects and refer to 
the pH meter readings. 
Ring current shifts were calculated from the coordinates 
of the helices. For the helical polymers sets of cartesian 
coordinates were constructed from the cylindrical coordinates 
of Arnott et al. (1972, only A-RNA) and of Rosenberg et al. 
(1976) for the poly A-poly U double helix, of Arnott et al. 
(1976) for the poly U-poly A-poly U triple helix and of Rich et 
al. (1961) for the poly A-poly A double helix. Subsequently the 
calculations proceeded as in section II-3. 
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III-3 The double and triple helix from oligo U and oligo A. 
Optical studies of the helix formation between poly A 
and poly U have shown, that depending on salt conditions, 
temperature and poly A-poly U ratio double or triple helices 
can be formed (Bloomfield et al., 1974). In the double helix 
only Watson-Crick basepairs are present (Fig. III-1A); the 
triple helix contains in addition Hoogsteen basepairs from the 
second poly U strand (Fig. Ill-IB). The complexes can be 
distinguished on the basis of their ultraviolet spectra; melting 
of the double and triple helix can be monitored by the 
hypochromicity effect at 260 nm and at 280 nm respectively. The 
results of these optical studies are summarized in a 'phase 
diagram' presented in Fig. III-3 (Krakauer and Sturtevant, 1968) . 
In region I of this phase diagram only the double helix is 
stable; in region II only the triple helix can exist; in region 
III the helical complexes are melted out to single strands; in 
region IV formation of the double or triple helix depends on the 
poly A-poly U ratio. Upon raising of the temperature at low salt 
conditions (e.g. 0.01 M NaCl) the poly U-poly A-poly U triple 
helix is first converted to a double helix which is transferred 
to single strands at still higher temperatures. At high salt 
conditions (e.g. 1 M NaCl), when the double helix of poly A-
poly U is formed at lower temperatures, a triple helix is 
obtained upon raising the temperature; a further elevation of 
the temperature is needed to obtain single stranded poly A and 
poly U. 
Optical studies of the helix formation between oligo A 
and oligo U with a chain length of about 20 nucleotides yielded 
results not identical to those obtained for the polynucleotides. 
In the first place no hypochromicity was observed at 280 nm, 
making it impossible to separate out the individual melting 
transitions of the double and triple helix. In the second place, 
the melting of the double and triple helices of the oligo-
nucleotides proved to be completely reversible, unlike the 
melting of the helices of the polynucleotides (Massoulié, 1968). 
Finally, a melting temperature of 38 С was observed for the 
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FIG. І І І - З . 
Phase diagram of the double and triple strand formation between poly A and 
poly U, adapted from Krakauer and Sturtevant (1968). The lines indicate the 
dependence of the melting temperature ΐ on the Na concentration at neutral 
pH for the reactions: 
1. poly A-poly U +-* poly A + poly U 
2. poly A-poly U *-+ ^ (poly U-poly A-poly U) + h poly A 
3. poly U-poly A-poly U -*-»• poly A-poly U + poly U 
4. poly U-poly A-poly U * •* poly A + 2 poly U 
Arrows indicate the ionic strength conditions used for the melting of the 
triple helix as described in section III-3; left hand arrow represents the 
situation in Fig. III-5, right hand arrow that in Fig. I1I-6. 
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helix-coil transitions of the double helix oligo A20-oligo U2Û 
and of the triple helix oligo U20-oligo A2n-oligo U20 at 0.12 M 
Na ; the melting temperature for the polynucleotide helices 
under the same solution conditions is substantially higher i.e. 
about 60OC (Fig. III-3). 
Despite these differences the phase diagram of Fig. III-3 
can serve as a guide for the interpretation of the NMR 
experiments which do show that the oligonucleotides form double 
as well as triple helices. At a concentration of about 0.14 M 
Na one expects double or triple helices to be formed depending 
on the relative concentrations of the oligo A and oligo U 
nucleotides (Fig. III-3). Indeed, in the NMR experiments a single 
resonance is observed between 13 and 14 ppm, when oligo U and 
oligo A are mixed in a 1:1 ratio (Fig. III-4). This resonance 
is assigned to the U(N3) proton hydrogen bonded in a Watson-
Crick basepair, which is known to resonate in this spectral 
FIG. 111-4. 
360 MHz NMR spectra of the oligo U-oligo A-oligo U triple helix (upper 
spectrum) and the oligo A-oligo U double helix (lower spectrum) in a buffer 
containing 0.12 M NaCl, 0.5 mM EDTA and 10 mM sodiumcacodylate at pH 7.0, 
о 
recorded at 5 C. The concentrations (in monomers) were in the triple helix 
б mM oligo A and 16 mM oligo U and in the double helix 10 mM oligo U and 
12 mM oligo A. 
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FIG. III-5. 
360 MHz NMR spectra of the melting of the 
triple helix oligo U-oligo A-oligo U under 
low salt conditions. Spectra were recorded 
at (A) 0OC, (B) 50C, (C) 10OC and (D) 20OC. 
Solution conditions: 4.7 mM oligo A (in 
monomers), 11.8 mM oligo U (in monomers) , 
10 mM Tns/HCl, 1 mM EDTA, pH 7.6. 
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FIG. III-6. 
360 MHz NMR spectra of the melting of the 
triple helix oligo U-oligo A-oligo U under 
high salt conditions. Spectra were recorded 
at (A) 0OC, (B) 20OC, (C) 50OC and (D) 650C. 
Solution conditions are identical to those 
given in the legend of Fig. ІІІ-Ь, except 
that 1.1 M NaCl was present. 
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region. As expected, when the ratio of oligo U to oligo A 
exceeds 2:1 two resonances are observed? these fall at 13.5 and 
13.2 ppm (Fig. III-4). These resonance positions are slightly 
dependent upon salt conditions (compare Fig. III-4 with Fig. 
III-6). The resonance at 13.5 ppm in the spectrum of the triple 
helix is assigned to the hydrogen bonded U(N3) proton in the 
Watson-Crick basepair, while the resonance at 13.2 ppm is 
assigned to the U(N3) proton in the Hoogsteen basepair (Fig. 
Ill-IB). This assignment is based on thermal melting experiments 
of the triple helix carried out under low salt conditions i.e. 
0.02 M Na (Fig. III-5). Under these conditions according to 
the phase diagram one expects to see two resonances at low 
temperatures. This is indeed born out by the experiment; at 0 С 
two resonances are observed of which the one at the high field 
side has decreased in intensity. Upon raising the temperature 
and thereby approaching region I in Fig. III-3 the resonance 
at 13.2 ppm disappears from the spectrum as a result of the 
separation of the oligo U strand basepaired via Hoogsteen pairs. 
Accordingly, this resonance arises from the U(N3) proton 
hydrogen bonded with A(N7) (see Fig. III-l). Under high salt 
solution conditions (1.1 M Na ) the resonances of the hydrogen 
bonded U(N3) protons in the triple helix are even observable 
at elevated temperatures (50 C); this is shown in Fig. III-6. 
This is to be expected on the basis of the phase diagram since 
in region II and in region IV of the phase diagram (Fig. III-3) 
the triple helix is stable. At 65 С both proton resonances have 
simultaneously disappeared from the spectrum. When the 
temperature is raised from О С to 50 С the resonance of Watson-
Crick hydrogen bonded U(N3) protons shifts 0.45 ppm upfield and 
the U(N3) protons resonance of the Hoogsteen bascpair shifts 
0.25 ppm upfield. 
These observations can be briefly explained as follows. 
It is well known, that above a certain temperature double helices 
are disrupted (melted out). In the NMR experiment this melting 
becomes manifest by the disappearance of the hydrogen bonded 
proton resonances because these protons can exchange from the 
coil state with the solvent water; the resonances then merge 
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with the huge water peak. In general two competing processes 
arc determining the lifetime of the exchangeable protons in the 
coil state bases (Hilbcrs, 1979) . First, they can reform the 
hydrogen bonds in the original basepairs (recombination). Second, 
they can exchange with the water protons. 
The effect of helix-coil transitions on the low-field 
NMR spectra depends on the relative rates of both processes. Two 
extremes are usually considered. When the recombination rate 
substantially exceeds the exchange rate -this means that a 
basepair opens and closes many times before the proton exchanges 
with the solvent- shifts are observed in the NMR experiment upon 
melting of the helix, since the resonance positions in helix-
and coil-state differ by 2-3 ppm. When the exchange rate with 
solvent substantially exceeds the recombination rate, meaning 
that a hydrogen bonded proton is replaced by a solvent proton 
every time the helix opens up, linebroadening and/or a gradual 
decrease in resonance intensity is observed upon melting of the 
double helix. 
During the melting of the oligo U-oligo A-oligo U triple 
helix both extremes can be observed. Upon melting of the triple 
helix under low salt solution conditions, the resonances of the 
hydrogen bonded U(N3) protons gradually decrease in intensity 
(Fig. III-5) meaning that the recombination rate is slower than 
the exchange rate. In contrast, under high salt solution 
conditions both resonances shift upfield upon elevation of the 
temperature (Fig. III-6), meaning that the helix recombination 
rate is faster than the exchange rate and therefore much faster 
than the recombination rate under the conditions of Fig. III-5. 
Parenthetically, the resonance of the U(N3) proton in the 
Watson-Crick basepair shifts about twice as much upfield as the 
resonance of the U(N3) proton in the Hoogsteen basepair, upon 
raising the temperature from О С to 50 С. Since the resonance 
position of the coil state U(N3) proton is 11.1 ppm, this 
observation means that within the triple helix a Watson-Crick 
basepaired undine is on the average twice as long in the coil 
state than a Hoogsteen basepaired undine at 50 С and at high 
ionic strength. 
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TABLE III-l. 
Observed resonance positions (6 
obs , ppm), the calculated ring current shifts 
(Δδ , ppm) and the intrinsic resonance positions (δ , ppm) of the 
hydrogen bonded protons in adenine containing basepairs, discussed in this 
chapter. Structures are presented in Fig. III-l and Fig. III-2. 
proton 
obs Δδ intr 
1 oligo U - oligo A - oligo U 
U(N3) Η ...A(N3) (Watson-Crick) 
U(N3) Η ...A(N7) (Hoogsteen) 
13.5 
13.2 
1.0 
0.9 
14.5 
14.1 
2 oligo A - oligo U 
U(N3) Η ...A(N1) 13.4 1.0 14.4 
3 oligo A - oligo A 
A(N6) Η ...A(N7) 
A(N6) Η ...0=P 
A(H8) 
A(H2) 
9.1 
8.2 
7.3 
8.4 
1.4 
1.5 
1.5 
0.3 
10.5 
9.7 
8.9a 
8.6a 
Phe 
4 yeast tRNA 
A23(N6) Η ...Ag(N7) 
Ag(N6) Η. .Α23(Ν7) 
9.6 
10.2Ъ 
0.9 
0.3 
a.measured in 5' AMP at pH 2.12 
b.calculated in section III-5 
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A similar dependence of the helix recombination rate on 
ionic strength conditions was noted by Pörschke et al. (1974) . In a 
T-^ump study of helix coil transitions in oligonbonucleotides 
they observed that the helix recombination rate was about 10 
times faster at 1.05 M Na concentration than at 0.05 M Na 
concentration. The present results demonstrate that the stability 
of the oligo U-oligo A-oligo U triple helix as a function of 
salt conditions is determined by the recombination rate. 
The detection and assignment of the resonances of the 
hydrogen bonded U(N3) protons in the low-field NMR spectrum of 
the triple helix oligo U-oligo A-oligo U are in fair agreement 
with a similar experiment on a triple helix of oligo U with AMP 
by Kallenbach and coworkers (1976). They observed in the low-
field NMR spectrum of this triple helix under high salt 
conditions (1.5 M NaCl) two resonances at 13.8 ppm and 13.2 ppm; 
similar resonance positions were found m the triple helix of 
oligo U-oligo A-oligo U shown in Fig. III-6. Although their 
system did not allow an unambiguous assignment, Kallenbach et al. 
suggested the resonance at lower field to come from the U(N3) 
protons in the Watson-Crick basepairs. The results described in 
this section demonstrate that this assignment is indeed correct. 
The assignments made above permit us to derive the 
intrinsic resonance positions of the U(N3) protons in the AU 
Watson-Crick and Hoogsteen basepairs (cf. section II-4). To this 
end the ring current shift of these protons were calculated as 
described in section III-2. Together with the observed resonance 
positions they are listed in Table III-l. The intrinsic resonance 
positions were obtained by subtracting the ring current shifts 
from the observed positions. An intrinsic resonance position of 
14.1 ppm was found for the hydrogen bonded U(N3) proton in the 
Hoogsteen basepair. For the Watson-Crick hydrogen bonded U(N3) 
proton intrinsic resonance positions of 14.4 and 14.5 ppm were 
obtained from the NMR spectra of double and triple helix 
respectively. This is in good agreement with the values of 
14.6+0.2 ppm reported for other model systems (see Table II-2). 
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III-4 The oligo A-oligo A double helix. 
An x-ray diffraction study by Rich et al. (1961) has led 
to a detailed proposal for the structure of the double 
helix of poly A-poly A, which is formed under acidic conditions 
(Fig. III-1C). The double helical complex is stabilized by two 
hydrogen bonds per adenine residue i.e. one A(N6) amino proton 
forms a hydrogen bond with an A(N7) and the other A(N6) amino 
proton with an internucleotide phosphate. Similar hydrogen 
bonded N6 amino protons have been postulated for the structure 
Phe 
of yeast tRNA , as derived from x-ray diffraction studies i.e. 
residue Α„ forms a basepair with А_, as in the poly A-poly A 
double helix (Fig. III-2). Therefore, it is worthwhile to 
investigate by means of NMR the structure of the oligo A-oligo A 
double helix m solution and to use the results for the 
Phe interpretation of the NMR spectrum of yeast tRNA (see section 
III-5). 
The H NMR spectra of the double helix of oligo A in 
H?0 and D_0 are presented in Fig. III-7. Two extra resonances 
appear m the spectrum recorded in H 20, compared to that 
recorded in D20 i.e. one at 9.1 ppm and another at 8.2 ppm. The 
location of these resonances indicates, that they have to be 
assigned to hydrogen bonded N6 ammo protons, since a ring N-H 
proton is expected to resonate at lower field and a non-hydrogen 
bonded N6 ammo proton at higher field (Katz and Penman, 1966) . 
The resonance at 9.1 ppm is assigned to the ammo proton hydrogen 
bonded to the N7 atom of the coplanar adenine and the resonance 
at 8.2 ppm to the amino proton hydrogen bonded to the inter­
nucleotide phosphate (Fig. III-1C). This assignment is based on 
the following reasoning. As shown in Table III-l the shifts 
induced by the ring currents of the bases situated above and 
below the proton considered are virtually equal for both protons. 
However, it should be realised, that the proton hydrogen bonded 
to the N7 of adenine is also shifted 0.7 ppm down-field by ring 
current effects of the coplanar adenine, while this effect is 
not included in Table III-l. This leads to the assignment 
mentioned above. With the aid of the resonance positions and the 
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FIG. III-7. 
H NMR spectra of the double helix of oligo A recorded at 25 С in (A) H O 
and in (B) D_0. Concentration oligo A . is about 4 mM, pH 4.5. 
ring current shifts (Table III-l) it is possible to derive the 
intrinsic positions of both hydrogen bonded protons. An 
intrinsic resonance position of 10.5 ppm is obtained for the 
A(N6)...A(N7) hydrogen bonded proton and a resonance position of 
9.7 ppm for the A(N6)...(0=P)A hydrogen bonded proton (Table 
III-l). This is in agreement with expectation since also the 
ring N protons hydrogen bonded in a N-H...0 hydrogen bond have 
a higher intrinsic position than protons in a N-H...N hydrogen 
bond e.g. an intrinsic position of 12.2 ppm was obtained for 
the G(N1) proton hydrogen bonded in a GU basepair (N-H...O) 
while an intrinsic position of 13.6 ppm is found for the same 
proton in a GC basepair (N-H...N) as shown in the preceding 
chapter. 
The calculations of the ring current shifts were checked 
52 
by calculating the shifts of the non-exchangeable H8 and H2 
protons. The resonance positions observed for these protons in 
5' AMP at acidic pH, to correct for the positive charge on the 
adenine were taken as the intrinsic positions. In this way, it 
is possible to compare directly the observed and calculated 
resonance positions in the oligo A-oligo A double helix. The 
calculated resonance positions for the H8 and H2 protons are 
7.4 ppm and 8.3 ppm respectively; experimentally the resonances 
are found at 7.3 ppm and at 8.4 ppm. It may be concluded that 
the agreement between calculated and observed resonance positions 
is good, thus supporting the model of the poly A-poly A double 
helix proposed by Rich et al. (1961). Additional support for 
this model is provided by the present NMR experiments in that 
two hydrogen bonded N6 amino protons are present per adenine 
residue and that these two protons are involved in different 
types of hydrogen bonding. 
A hydrogen bonded N6 amino proton has recently been 
reported by Steinmetz-Kayne et al. (1977). In a NMR study of 
AipA),- under acidic conditions they observed a resonance at 
9.4 ppm, which was assigned to the N6 amino proton hydrogen 
bonded with the coplanar adenine, which is in reasonable 
agreement with the results described in this section. 
Direct evidence for the occurence of a hydrogen bond 
between the amino group and the diester phosphate group in the 
double helix of poly A would be the observation of a spin-spin 
coupling J between the hydrogen bonded proton and the 
31 phosphorous nucleus. Therefore we recorded the Ρ spectra of 
the oligo A double helix m H20 and DjO. These experiments did 
not show a coupling of the N6 amino proton with the phosphorous 
atom. Interestingly, an upfield shift of 1.2 ppm can be observed 
upon double helix formation of oligo A (Fig. III-8), which was 
not noted by Cozzone and Jardetzky (1976). This upfield shift of 
the Ρ NMR signal of the internucleotide phosphates upon double 
helix formation is apparently due to the hydrogen bonding, since 
no such shifts were observed upon double and triple helix 
formation of oligo A and oligo U. Moreover, the torsional angles 
of the phosphate group in the poly A-poly A double helix, which 
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FIG. III-8. 
31 Phe 
40.5 MHz Ρ NMR spectra of A: yeast tRNA ; В: oligo A at pH 4.5 and 
С: oligo A at pH 7.0. Conditions of measurements A: 0.9 mM tRNA, 10 mM MgCl», 
100 mM NaCl, 1 mM EDTA, 12 mM Na S О , 30 mM sodiumcacodylate at pH 7.2 in 
D 2 0 , 35 С; B: 7 mM o l i g o A,- ( i n monomers) , pH 4 . 5 i n H„0, 25 С; C: 7 mM l b 2 
ol igo A (in monomers), pH 7.0 in H O , 25 C. The peak a t 3.7 ppm in s p e c t r a 
В and С comes from the i n t e r n a l reference t n m e t h y l - p h o s p h a t e . 
have been suggested to affect the chemical s h i f t (Gorenstein e t 
a l . 1976) remain in the normal g g conformation (Arnott, 1970; 
Saenger e t a l . 1975). 
The s t a b i l i t y of the poly A-poly A double hel ix has been 
ascribed to e l e c t r o s t a t i c i n t e r a c t i o n s (Rich e t a l . 1961; 
Holcomb and Timasheff, 1968), i . e . the delocal ized pos i t ive 
charge on the s ix membered adenine r ing minimizes the 
e l e k t r o s t a t i c repuls ion between opposing i n t e r n u c l e o t i d e 
phosphates. Recent work of McConnell (1974, 1978) has indicated, 
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that protonation of the N1 position of adenine may affect the 
stability of the hydrogen bonds formed through the N6 ammo 
protons. Such an effect may play a dominant role in stabilizing 
the poly A-poly A double helix, although stabilization by 
electrostatic interactions cannot be excluded. 
III-5 Some remarks on the interpretation of the NMR spectra of 
yeast tRNAPhc. 
The resolution and assignment of the hydrogen bonded N6 
amino protons in the double helix of oligo A enable us to locate 
amino proton resonances in the low-field NMR spectrum of yeast 
Phe tRNA , because in this tRNA also hydrogen bonds of adenine-N6 
amino protons with N7 atoms of coplanar adenines have been 
proposed, i.e., between the residues Α„ and Α., in this tRNA 
(Fig. III-2). The ring current shifts of these two hydrogen 
bonded protons were calculated from the four sets of crystal 
coordinates as described m chapter II. The average values are 
presented in Table III-l. On the basis of the results in this 
table a resonance position of 9.7 ppm for the N6 amino proton 
of А__ hydrogen bonded with A. and a resonance position of 
10.2 ppm for the ammo proton of A« hydrogen bonded with A--
are derived. These positions are indicated by arrows in the low-
Phe field NMR spectra of yeast tRNA (Fig. III-9). At low 
temperature (5 C) we find two resonances close to these 
positions. Raising the temperature to 35 С causes a broadening 
of these resonances. In addition, it has been shown by Steinmetz-
Kayne et al., (1977) that at this temperature the resonances 
sharpen up again when the pH is lowered, indicating that the 
residues are involved in an acid oligo A-oligo A double helical 
type structure. Apparently, this part of the NMR spectra of 
tRNA's is very sensitive to changes in tRNA conformation brought 
about by changes in pH, temperature, and type and concentration 
of counter ions. Since in protein synthesis tRNA's go through 
a cycle of very specific reactions (see chapter I), such 
fluctuations in tRNA structure may have an important 
physiological meaning, which has as yet to be explored. 
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J60 MHz NMR spectra of yeast tRNA rPcorded at 35 С (A) and at 5 С (В). 
Solution conditions. 1.0 mM tRNA, 100 mM NaCl, 15 mM Na.S.O , 10 mM sodium-
phosphate at pH 7.0. tRNA was made Mg free before use. 
An interesting observation is the 1.2 ppm upfield shift 
of the Ρ NMR resonance of the internucleotide phosphates upon 
double helix formation of oligo A (Fig. III-8); this upfield 
shift cannot be explained by the ring current shift mechanism. 
Similar shifts arc also observable in the Ρ NMR spectrum of 
tRNA's (Guéron and Shulman, 1976; Salemink et al, 1979) (Fig. 
III-8), while as indicated above a hydrogen bond between the N6 
amino group of residue A. and the phosphate 23 has been proposed 
in the x-ray structure model (Fig. III-2). Since it is not yet 
possible to perform accurate theoretical predictions of Ρ NMR 
shifts of internucleotide phosphates, the empirical evidence 
from experiments on model systems as the oligo A-oligo A double 
helix may be helpful for the interpretation of Ρ NMR spectra 
of tRNA's. 
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Chapter IV 
CODON-ANTICODON INTERACTION IN YEAST tRNAPhe; 
A NMR STUDY OF THE BINDING OF UUCA.* 
IV-1 Introduction. 
Phe The three dimensional structure of yeast tRNA , derived 
by x-ray diffraction studies (Jack et al., 1976; Holbrook et al. 
1978), forms a good starting point for investigations of the 
structure-function relationships in tRNA. One of the outstanding 
features of this structure is that the D- and the T-loop are 
connected by intramolecular basepairs (Fig. 1-5). As a result 
the TTCG sequence is not available for pairing to other 
nucleotides. In solution this feature has been confirmed by 
oligonucleotide binding studies (Pongs et al·., 1973). It was 
found that CGAA, which is complementary to the TfCG sequence, 
Phe does not bind to yeast tRNA . In addition, nuclear magnetic 
resonance studies do indicate that the hydrogen bonds inferred 
from the x-ray structure are present in solution under the 
appropriate salt conditions (Reíd et al., 1977; see chapter I). 
Recent investigations into the mechanism of protein 
synthesis have suggested that the TYCG sequence becomes linked 
to the nbosomal 5S RNA during the ribosome binding process, 
meaning that the T-loop D-loop interaction becomes disrupted 
(Spnnzl et al., 1976). Moreover, it was found that significant 
Phe binding of the oligonucleotide CGAA occurs when tRNA is 
complexed to (pU)„ suggesting that the opening of the basepairs 
between the D- and T-loop is triggered by the codon-anticodon 
interaction (Schwarz et al., 1976; Schwarz and Gassen, 1977). 
In an attempt to find out whether the latter recognition 
s 
Part of the results described in this chapter has been published: 
Geerdes et al. (1978). 
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31 Phe 
interaction on the Ρ NMR spectrum of yeast tRNA was 
process induces such a large conformational change in yeast 
Phe tRNA , we have made an NMR study of the interaction of this 
tRNA with the oligonucleotide UUCA. This tetranucleotide was 
used because of its high binding constant (Pongs et al., 1973; 
Yoon et al., 1975). To this end the photon NMR spectra from the 
hydrogen bonded protons as well as the methyl resonances of the 
tRNA were studied at different temperatures, in the presence and 
2+ 
absence of Mg ions and as a function of oligonucleotide 
concentration. In addition, the effect of codon-anticodon 
interaction oi 
investigated. 
IV-2 Materials and methods. 
Phe Yeast tRNA was purchased from Boehnnger Mannheim; it 
had an amino acid acceptance of 1400 pmol/OD?fir., as determined 
by the manufacturer. Nicks in the sugar-phosphate backbone will 
not always impair the chargeability of the tRNA. The material 
was shown to be completely intact using Ρ NMR, by which method 
terminal and cyclic phosphate groups can be easily detected. 
Mg free tRNA samples were prepared by dialysing the 
tRNA according to Thiebe (1975); subsequently the tRNA was 
dialysed four times against a solution of 1 mM Na.-S-O... After 
2 + dialysis the tRNA was lyophilized; it contained 0.1 mol Mg per 
mol tRNA as determined by atomic absorption spectrophotometry; 
tRNA concentrations were calculated using 1 OD-,./ml = 1.8 μΜ. 
zb U 
The tetranucleotides UUCA, UCCC and CGAA were synthesized 
according to the phosphotnester method (Van Boom et al., 1977 
a,b) by G. Wille Hazeleger in the laboratory of Prof. J. van 
Boom. No impurities could be detected by thin layer 
chromatography, high performance liquid chromatography (HPLC) and 
Ρ NMR. A slight impurity (1%) was occasionally detected by 
Η NMR, giving rise to a resonance at 1.9 ppm. The oligo­
nucleotides were used in the Na form; excess salt was removed 
by Sephadex G 10 gel filtration. UUCA, UCCC and CGAA 
concentrations were calculated using 1 OD^./ml as equivalent 
with 25.6 μΜ, 33.3 μΜ and 23.2 μΜ respectively. Appropriate 
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quantities of oligonucleotide were lyophilized prior to addition 
to the tRNA samples. 
The NMR samples were prepared by dissolving the 
lyophilized tRNA in 0.2 ml H^O or Ο-,Ο buffer; solution conditions 
are indicated in the figure captions. The H.O samples contained 
5% DpO to lock the field of the NMR spectrometer to the resonance 
frequency of deuterium. 
Η NMR spectra were recorded on a Bruker 360 MHz NMR 
spectrometer, operating in the correlation spectroscopy mode; 
500-2000 scans of 2 s each were accumulated in a Nicolet BNC 12 
computer. Sample temperatures were held constant within 1 C. 
The difference spectra were obtained by subtracting the 
tRNA spectra in the presence and absence of oligonucleotide. 
Chemical shifts are indicated in ppm down field from the 
methyl resonance of the internal reference 4-4-dimethyl-4-
silapentane-1-sulfonate (DSS). Ρ NMR spectra were recorded and 
referenced in chapter III. 
IV-3 The effect of UUCA binding on the methylproton spectra of 
j . j-T^-r-^Phe yeast tRNA 
Fig. IV-1 shows the 360 MHz NMR spectra of the methyl-
Phe protons of yeast tRNA before and after addition of UUCA, 
recorded at 35 C. The two spectra are virtually identical except 
for the methyl resonance, located at 2.0 ppm in the absence of 
UUCA (Fig. IV-1). This resonance shifts upfield upon complexation 
of the tRNA to UUCA. At this point we shall not attempt a 
detailed assignment of all the resonances in the spectrum. It 
suffices to say, that on the basis of NMR studies of anticodon 
Phe fragments of yeast tRNA and the intact tRNA the resonance at 
2.0 ppm can be assigned unambigously to the Cll methyl group of 
the Y-base (Kan et al., 1975, 1977) (Fig. IV-Ü, which is located 
next to the anticodon (see inside back cover). As will be 
discussed in section IV-7 this result demonstrates that UUCA 
binds to the anticodon loop. 
The change in resonance position of the Y-base Cll methyl 
group at various concentrations of UUCA, recorded at 35 C,is 
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FIG. IV-1. 
Phe 36Ü MHz proton NMR spect ra of the methyl protons in yeas t tRNA before (Ä) 
and a f t e r (B) addi t ion of UUCA. The s ignal from the Cll methyl group of the 
Y-Ьаье i s i n d i c a t e d . Tne spect ra were recorded a t 35 C. Under the condi t ions 
of spectrum В 89% of the anticodon s i t e s i s occupied. As ter i sks i n d i c a t e 
i m p u r i t i e s . Solut ion c o n d i t i o n s : 0.45 mM tRNA, 0.1 M NaCl, 25 mM Na S Ο , 
2+ 10 mM phosphate, pH 7.0, 10 mM Mg jn D O . In spectrum В in addi t ion 6.4 mM 
UUCA was p r e s e n t . 
g i v e n i n F i g . I V - 2 . From a n o n - l i n e a i r r e g r e s s i o n a n a l y s i s of 
t h i s b i n d i n g c u r v e (Nakano e t a l . , 1967) a n e q u i l i b r i u m c o n s t a n t 
of 1050 M and a m a x i m a l s h i f t of 0 . 1 1 ppm w e r e c a l c u l a t e d , 
b a s e d on t h e f o l l o w i n g r e a c t i o n : 
P h p P h n 
UUCA + tRNA •<-+ (tRNA -UUCA) (1) 
T h i s e q u i l i b r i u m c o n s t a n t i s i n good a g r e e m e n t w i t h t h e 
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FIG. IV-2. 
P l o t of the changes in the p o s i t i o n of the Y-base Cll-CH., proton resonance 
(Δδ) a t var ious concentra t ions of added UUCA. Spectra were recorded a t 35 C, 
tRNA concentrat ion was 1.4 mM in H.O. Other s o l u t i o n condi t ions are i n d i c a t e d 
2 + in the legend t o Fig . IV-1, except t h a t no Mg was p r e s e n t . The v e r t i c a l bars 
i n d i c a t e the est imated e r r o r s in the s h i f t measurements. 
e q u i l i b r i u m c o n s t a n t of 1320 Μ , d e r i v e d from t h e d a t a of Pongs 
and Rheinwald (1973) . 
IV-4 The e f f e c t of UUCA b i n d i n g on t h e hydrogen bonded p r o t o n 
Phe 
s p e c t r a of y e a s t tRNA 
The e f f e c t of a d d i t i o n of UUCA on t h e hydrogen bonded 
Phe p r o t o n spectrum of y e a s t tRNA i s shown i n F i g s . IV-3 and IV-4, 
F i g s . IV-3A and IV-3B r e p r e s e n t t h e tRNA s p e c t r a , r e c o r d e d a t 
35 С i n t h e absence and p r e s e n c e of UUCA, r e s p e c t i v e l y . In t h e 
l a t t e r s i t u a t i o n 86% of t h e a n t i c o d o n s i t e s i s o c c u p i e d . The 
d i f f e r e n c e between t h e s e two s p e c t r a i s g iven a t t h e bottom of 
F i g . IV-3. From t h i s i t i s c l e a r t h a t t h e most i m p o r t a n t change 
between t h e two s p e c t r a o c c u r s around 12.5 ppm. The most l i k e l y 
e x p l a n a t i o n of t h i s d i f f e r e n c e i s , t h a t , upon c o m p l e x a t i o n , a 
r e s o n a n c e s h i f t s from 12.5 t o 12.6 ppm. In a d d i t i o n a s l i g h t 
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FIG. IV-3. 
Phe 360 MHz NMR spectra of the hydrogen bonded protons in yeast tRNA before (A) 
and after (B) addition of DUCA to a concentration of 6.1 mM. Spectra were 
recorded at 35 С Under the conditions of spectrum В 86% of the anticodon 
sites is occupied. tRNA concentration was 1.26 mM in H O . Other solution 
2+ 
conditions are indicated in the legend to Fig. IV-1, except that no Mg was 
present. The spectrum B-Α represents the difference spectrum obtained by 
subtracting A from B. 
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FIG. IV-4. 
360 MHz NMR spect ra of the hydrogen bonded protons in yeast tRNA'"4", before 
(A) and a f t e r (B) a d d i t i o n of UUCA t o a concentra t ion of 1.8 mM. The spectra 
were recorded a t 2 C. Under the condi t ions of spectrum В 97% of the anticodon 
s i t e s i s occupied. tRNA c o n c e n t r a t i o n was 1.26 mM in H^O. Other s o l u t i o n 
condit ions are given in the legend t o Fig . IV-1, except t h a t no Mg was 
p r e s e n t . The spectrum B-Α r e p r e s e n t s the di f ference obtained by s u b t r a c t i n g 
A from B. 
change i s observable a t 10.6 ppm. 
At 2 C, a t an occupancy of 97% of the anticodon s i t e s , 
the G(N1) and U(N3) protons hydrogen bonded between the 
ol igonucleot ide and the tRNA become v i s i b l e . This i s shown in 
Fig. IV-4, where the spectra in the absence (Fig. IV-4A) and in 
the presence (Fig. IV-4B) of UUCA are presented. Again a change 
i s observed around 12.5 ppm analogously to t h a t a t 350C. In 
addit ion extra resonance i n t e n s i t y i s found a t 13.3 ppm and a t 
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11.8 ppm. The signal at 13.3 ppm, which corresponds to at least 
two protons, comes from the hydrogen bonded U(N3) protons, while 
the signal at 11.8 ppm is thought to be generated by the GC pair 
(see section IV-7). Thus after formation of the codon-anticodon 
complex the resonances of the hydrogen bonded protons in at 
least two AU and one GC pair become visible in the spectrum. At 
11.4 ppm we find a small but reproducible increase in intensity 
which we cannot as yet explain. The change observed around 10.6 
ppm at 35 С is also apparent at 2 C. 
IV-5 The effect of UUCA binding on the Ρ NMR spectrum of 
. . _.7.Phe yeast tRNA 
Ρ NMR spectra of tRNA's contain a number of well 
resolved resonances shifted outside the main resonance at 0 ppm 
(see chapter III and Guëron and Shulman, 1975). The resonance 
position of an internucleotide phosphate is thought to depend 
on the geometrical arrangement of the atoms around the phosphate 
i.e. the chemical shift of a phosphate resonance depends on the 
dihedral Oj-,-Ρ-Ο-, angle, on the torsional angles around the 
Oj-.-P and P-0-., bonds and possibly also on the presence or 
absence of hydrogen bonds with the internucleotide phosphates 
(chapter III; for a more complete discussion see Salemink et al. 
1979) . 
Fig. IV-5. 
The effect of addition of UUCA on the 40.5 MHz Ρ NMR spectrum of yeast 
Phe о 
tRNA . Spectra were recorded at 35 С in the absence (A) and in the presence 
of UUCA (1.1 mM in В and 3.6 inM in C) . Spectrum В and С represent situations 
in which 39% and 79% of the anticodon sites are occupied respectively. The 
vertical scale of the spectra on the left side is 6 times larger than that on 
the right side. Crosses indicate the resonances coming from the three 
internucleotide phosphates of UUCA. Resonances numbered 1 and 2 are from the 
tRNA and are shifted as a result of oligonucleotide binding. Solution 
conditions: 0.9 mM tRNA, 10 mM MgCl , 100 mM NaCl, 1 mM EDTA, 12 mM Na S Ο , 
30 mM sodiumcacodylate at pH 7.2 in D.O. 
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Fig. IV-5 shows the effect of interaction of yeast 
Phe 31 
tRNA with UUCA on the Ρ NMR spectrum. Upon complex formation 
Phe 
of yeast tRNA with UUCA two resonances shift downfield, which 
have been numbered 1 and 2. The shift of resonance 1 is small 
(0.2 ppm), but resonance 2 shifts to lower field by an amount of 
0.55 ppm after full saturation of the anticodon sites. On the 
basis of the shift of this resonance in a more extended titration 
experiment an association constant for the equilibrium between 
tRNA and UUCA was obtained of 1200 M . This is in good agreement 
with the value obtained at this temperature from the shifts of 
the Y-base Cll methylresonance and also with values derived with 
different methods (see section IV-3). 
An unambiguous assignment of the internucleotide phosphate 
Phe 
resonances of yeast tRNA is not yet available, but it is 
worthwhile mentioning that the same resonances are affected by 
modifications of the anticodon loop. After enzymatic nicking of 
this loop these resonances merge with the mam resonance at 
about 0 ppm (Salemmk et al., 1979). In principle it is possible 
that these resonances come from phosphates far removed from the 
codon binding sites because long-range effects may influence 
their resonance positions. This is rendered unlikely however by 
Τ -RNAse modifications of the tRNA (Salemink et al., 1979). 
Therefore it is reasonable to assign resonances 1 and 2 to 
internucleotide phosphates within the anticodon loop of the 
tRNA. This means that a change in the conformation of the 
anticodon loop is induced upon binding of UUCA. 
IV-6 The simultaneous binding of two tetranucleotides 
Phe 
complementary to the loop regions of yeast tRNA 
Gassen and coworkers (Schwarz et al., 1976; Schwarz and 
Gassen, 1977) observed that CGAA - which is complementary to the 
Phe 
Τ ψ
 5 C 5 6 G 5 7 sequence of yeast tRNA - binds to the tRNA-(pU)8 
complex, but not to the tRNA alone. On this basis it was 
suggested, that codon-anticodon interaction triggers an unfolding 
of the tRNA tertiary structure. The results in the preceding 
sections show that such an unfolding of the tertiary structure 
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is not apparent in NMR studies after the binding of UUCA to 
Phe yeast tRNA . In the light of these results it seems desirable 
to check the suggestion of Gassen and coworkers in more detail. 
To this end we performed two types of experiments. First we 
tried to find out whether it is possible to stabilize the 'open' 
form of the tRNA with oligonucleotides complementary to the 
normally shielded loop regions i.e. the tetranucleotides UCCC 
Phe 
and CGAA were added to yeast tRNA , of which the tertiary 
structure was disrupted by thermal melting. UCCC and CGAA are 
complementary to the G оС 1 ЧС ? пА ? and T_ .Ψ. .Ct-^ -Gj-7 sequence in 
the D-loop and T-loop of the tRNA respectively (see inside back 
cover). If the 'open' form is stabilized by the oligonucleotides, 
we expect it to be pertained at lower temperatures. In a second 
experiment we added UUCA and CGAA to the tRNA. If binding of 
UUCA triggers a disruption of the tertiary interactions between 
T-loop and D-loop binding of CGAA can be expected. 
The effect of addition of UCCC and CGAA on the low field 
Phe NMR spectrum of yeast tRNA is shown in Fig. IV-6. Prior to 
use the tRNA was made free of divalent ions to obtain a separate 
and lower melting temperature for the tertiary structure. After 
addition of the tetranucleotides the tRNA was heated to 55 С for 
several minutes to allow it to unfold. It was subsequently cooled 
to the temperatures at which the spectra were recorded i.e. 4 8 С 
and 150C (Fig. IV-6). It is clear from this figure that at 480C 
the tRNA is partially melted out, while at 150C the tertiary 
structure is intact. Unfortunately, addition of UCCC and CGAA 
does not cause any spectral changes at 15 C. The results 
therefore indicate that - at least under our solution 
conditions - intermolecular basepairing cannot compete with the 
intramolecular basepairing, which stabilizes the tRNA tertiary 
structure. 
Although the outcome of this experiment indicates that no 
stabilization of the 'open' tRNA conformation by complementary 
oligonucleotides can be expected, we yet decided to perform the 
NMR equivalent of the experiment of Schwarz et al., cited above, 
i.e. to add CGAA to the tRNA-oligonucleotide complex. 
Consider the following reaction scheme: 
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P h e 360 MHz NMR spectra of the hydrogen bonded protons of yeast tRNA before 
(A) and after (B) addition of 6.0 mM UCCC and 6.0 mM CGAA. The spectra at the 
left side were recorded at 15 C, at the right side at 480C. Solution 
conditions: 1.35 mM tRNA, 100 mM NaCl, 10 mM Na S О and 30 mM sodium-
phosphate at pH 6.7. Prior to use the tRNA was made free from divalent ions 
as described in section IV-2. 
Phe Phe 
tRNA +UUCA «--* (tRNA -UUCA)+CGAA 
Php (tRNA -UUCA-CGAA) 
If the binding of the tetranucleotide CGAA is strongly coupled 
to the formation of the codon-anticodon complex, it is to be 
expected that the equilibrium is shifted to the right upon 
addition of CGAA i.e. the percentage of 'free' tRNA decreases 
upon addition of CGAA. It was shown in section IV-3, that the 
chemical shift of the Y-base Cll methyl resonance in the NMR 
Phe 
spectrum of yeast tRNA can be used to probe the degree of 
6Q 
ppm 
FIG. IV-7. 
Phe 360 MHz NMR spect ra of the methylprotons of yeast tRNA before (A) and a f t e r 
(B,C) addi t ion of DUCA and CGAA, recorded a t 35 С. (В) concentra t ion UUCA 
1.7 mM; under these condi t ions 59% of the anticodon s i t e s i s occupied. 
(C) concentrat ion UUCA 1.7 mM and concentrat ion CGAA 1.7 mM. 
The resonance of the Y-base Cll-CH i s i n d i c a t e d . I t s resonance p o s i t i o n i s 
not influenced by a d d i t i o n of CGAA. Solut ion c o n d i t i o n s : 1.0 mM tRNA, 100 mM 
NaCl, 10 mM MgCl , 15 mM Na S О and 10 mM sodiuraphosphate a t pH 7.0 in D O . 
c o d o n - a n t i c o d o n complex f o r m a t i o n . The r e s o n a n c e p o s i t i o n of t h i s 
methyl group i s n o t i n f l u e n c e d by a d d i t i o n of CGAA t o t h e tRNA 
i n t h e p r e s e n c e of UUCA ( F i g . IV-7) , w h i l e t h e o p t i m a l c o n d i t i o n s 
i . e . t e m p e r a t u r e and o l i g o n u c l e o t i d e c o n c e n t r a t i o n s , were 
s e l e c t e d t o d e t e c t an e f f e c t of a d d i t i o n of CGAA, i f any. 
T h e r e f o r e , i t i s concluded t h a t CGAA does n o t i n t e r f e r e wi th 
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codon-anticodon complex formation. The same conclusion was 
reached on the basis of steady-state fluorescence measurements 
and of the low field NMR spectra, recorded in the absence and 
presence of CGAA. 
IV-7 Discussion. 
The experiments described in this chapter were undertaken 
to find out whether codon-anticodon interaction induces large 
Phe 
conformational changes in yeast tRNA . It is crucial to such a 
study that one can be sure that the oligonucleotide used really 
binds to the anticodon. The experiments presented in this and in 
the following chapters provide strong evidence that this is 
indeed the case. Upon binding of the tetranucleotide UUCA to 
Phe yeast tRNA only the resonance of the Cll methyl group of the 
Y-base exhibits an observable shift (Fig. IV-1). Although one 
could argue that binding might take place at a different site 
thereby shifting the Cll methyl resonance as a result of a long 
distance effect this is rendered highly unlikely because the 
resonances of the other methylgroups do not show any shifts at 
all. 
The same behavior is observed when UUCA is complexed to 
Php E.coli tRNA , while this tRNA differs in 26 of the 76 
nucleotides in the primary sequence (chapter V). In addition 
other nucleotides like UCCC and CGAA, which are not complementary 
to the anticodon do not induce a shift in the resonance position 
of the Cll methyl group. Additional evidence that UUCA binds to 
the anticodon is provided by the Ρ NMR experiments (section 
IV-5). UUCA binding induces shifts of resonances in the Ρ NMR 
Phe 
spectrum of yeast tRNA which are also affected by 
modifications of the anticodon loop of the tRNA. Moreover, the 
binding constants obtained from these shifts as well as from the 
Cll methyl resonance of the Y-base (section IV-3) were found to 
be equal within experimental error, indicating that the same 
binding process is apparent from the Η NMR as well as the Ρ 
NMR experiments. These arguments taken together are considered 
sufficient evidence that binding takes place at the anticodon. 
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In the low field NMR spectra, recorded at 20C, the 
hydrogen bonded proton resonances from the basepairs formed 
between the oligonucleotide and anticodon become visible (Fig. 
IV-4) . Since UUCA is complementary to the sequence ϋ,-,Ο..¿jAocA^ g 
(see inside back cover), a total of four ring N hydrogen bonded 
proton resonances can possibly arise from the interaction between 
the tetranucleotide and the anticodon loop in the spectral region 
under consideration, one of which will be the GC-.. basepair. 
Because of its position, the resonance at 11.8 ppm is assigned 
to the N proton of G,.. This is at such a high field that the 
3' terminal adenine is expected to be stacked favourably upon 
the GC-. basepair, thereby inducing an appreciable ring current 
shift. The resonance at 13.3 ppm then comes from the AU pairs m 
the codon-anticodon double helix. The resonance has an intensity 
corresponding to at least two protons and it is very likely that 
one of these comes from the internal AU..,- basepair. Interestingly 
when its resonance position is predicted with ring current shift 
calculations (chapter II) in combination with the anticodon 
structure dictated by the crystal coordinates (Jack et al., 1976) 
we find an upfield shift of only 0.1 ppm, leading to a resonance 
position of 14.4 ppm. This indicates a conformation of the 
anticodon in the tRNA-oligonucleotide complex different from that 
in the crystal structure (see also section VI-5). We cannot be 
sure which of the two possible terminal AU basepairs, AU,, or 
AU,, (inside back cover), is formed, i.e. which of the two Jo 
possible basepairs has such a long lifetime that it can be 
observed in NMR. We have a preference to assign the remaining 
resonance intensity at 13.3 ppm to the AU,, basepair since a 
similar increase in resonance intensity is observed at 13.3 ppm 
when UUC is bound to the tRNA (section VII-4). 
The hydrogen bonded proton resonances from the codon-
anticodon complex are not visible in the spectra taken at higher 
temperatures. This is caused by exchange phenomena (Crothers et 
al. 1974). Only at low temperatures the lifetime of the tRNA-
oligonucleotide complex is sufficiently long to allow observation 
of the G(N1) and U(N3) protons within the codon-anticodon 
complex. Consider the following equilibrium: 
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UUCA + tRNAPhe jbí (UUCA-tRNAPhe) 
к and k_ represent the association rate constant and 
dissociation rate constant respectively. These have been 
determined by Yoon et al. (1975) as a function of temperature by 
fluorescence detected T-jump techniques. Under conditions, where 
the broadening of the hydrogen bonded proton resonances is 
determined by the lifetime of the complex the following relation 
applies : 
πΔν, = k_ = τ 
where τ is the lifetime of the complex and Δν, is the 
Imebroadening at half height of the resonance. At 2 C, 
k_ = 150 s , yielding a Imebroadening of about 50 Hz. Under 
these conditions the resonance will be manifest in the spectra 
as has been experimentally verified. At higher temperatures к 
rapidly increases, e.g. at 12 С k_ = 500 s , yielding a 
Imebroadening of 160 Hz. These resonances will be too broad to 
be detectable among the other resonances; this is in excellent 
agreement with our observations. 
It has been suggested (Schwarz et al., 1976; Schwarz and 
Gassen, 1977) that the interaction between the T-loop and D-loop 
are disrupted upon codon complexation. In this event the 
following basepairs are expected to be broken: С-д-С^, Τ,-.-Α^Γ. 
and Gio-fcc (Sprinzl et al., 1976). Although no definitive 
assignments for the resonances of the G(N1) and U(N3) protons in 
these basepairs have been made, we can be reasonably sure that 
the T(N3) proton in T^.-AJ-Q resonates between 13.8 ppm and 14.4 
ppm, the G(N1) proton in the G.п-С,, basepair at about 13.0 ppm 
and the G-o-fj-j. between 10 to 12 ppm (chapter II; Bolton et al., 
1976; Robillard et al., 1976a; Kan and Ts'o, 1977). 
In the low field NMR spectra presented in Figs. IV-4 and 
IV-5 we see that a resonance at 12.5 ppm shifts slightly 
downfield after complexation of the tRNA with UUCA. Since at this 
position so many resonances are overlapping, it cannot be 
assigned unambiguously to a particular hydrogen bonded proton in 
the tRNA molecule. Although as will be explained below we have 
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some reasons to assume it comes from the сзо -С 4 п basepair in the 
anticodon stem. In any case its position does not coincide with 
the positions of one of the above mentioned three tertiary 
resonances. The present results therefore suggest that a major 
conformational change in the tRNA molecule does not in fact take 
place as a result of codon-anticodon interaction. This finding 
is corroborated by the results obtained from the methyl resonance 
spectra. Since the suggested conformational change should result 
in a disrupture of the Α-^-Τ-. basepair (see inside back cover) 
an effect on the methyl resonance of Tj-. is expected analogously 
to that observed in melting experiments (Kan et al., 1977; 
Robillard et al., 1977 ). No such change is observed, indicating 
that the AT pair remains intact after codon-anticodon complex 
formation. 
Since in the experiments of Schwarz et al. binding of 
Phe CGAA to the TTCG sequence of the E.coli and yeast tRNA -(pU)fi 
2+ 
complex was only observed in the presence of at least 8mM Mg 
ions, our experiments were also carried out with 10 mM Mg 
present in solution (Schwarz et al., 1976; Schwarz and Gassen, 
1977). The results were similar to those described above for the 
2+ Mg free solutions. Therefore our present results seem to 
contradict the experiments of Schwarz et al. (1976) m that no 
unfolding of the tertiary structure is observed upon complex 
Phe formation of yeast tRNA with UUCA. It is possible, however, 
that only in a small percentage of the tRNA molecules the D-loop 
T-loop interactions become disrupted. This may go undetected in 
the NMR experiment. It is then possible that the 'open' form of 
the tRNA molecule in the tRNA-codon complex is substantially 
stabilized by CGAA. This could explain why appreciable binding 
Phe 
of this tetranucleotide to the tRNA -(pU)ft complex is found 
(Schwarz et al., 1976). This possibility is ruled out, however, 
because CGAA did not interfere with the binding of UUCA to yeast 
Phe tRNA (section IV-6). The use of different oligonucleotides 
i.e. UUCA was used by us and (pU)o by Schwarz et al. may yet 
provide another explanation for the observed discrepancies. This 
has been investigated and the results are presented in 
chapter VII. 
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Although we were not able to detect any gross 
conformational changes in the tRNA molecule after UUCA binding 
the NMR experiments do indicate that smaller changes take place. 
31 
The shifts observed in the Ρ spectra after complex formation 
of the tRNA and the tetranucleotide show that changes in the 
anticodon loop conformation occur. Since we see also shifts of 
resonances of the hydrogen bonded protons it is reasonable to 
assume that the changes in the anticodon loop structure are 
propagated into the tRNA. The most likely candidate for a shift 
of its hydrogen bonded imino proton would then be the Α,.-Ψ-,α 
J 1 J У 
basepair at the bottom of the anticodon stem; this is observed 
Phe in similar experiments where E.coli tRNA was used (section 
V-4). In absence of Mg this resonance will however not be 
visible in the spectrum recorded at 35 С (cf. Fig. II-6, Hilbers 
et al., 1973; Robillard et al., 1977 ). Subsequently the 
resonance of the basepair G,
n
C.
n
 adjacent to the AV basepair may 
be affected. Indeed the resonance position of the ring N hydrogen 
bonded proton of this basepair is predicted at 12.5 ppm 
(chapter II) close to the position observed in the difference 
spectrum. In addition, spectral changes are observed in the 
region between 9-11 ppm in the low field NMR spectrum of the 
tRNA upon UUCA binding; unfortunately, we cannot as yet explain 
these observations. 
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ChapLer V 
CODON-ANTICODON INTERACTION IN E.COLI tRNAPhe, 
V-l Introduction. 
In the preceding chapter the effect of codon-anticodon 
Phe interaction on the structure of yeast tRNA has been studied. 
To this end the H NMR spectra of the methyl protons and the 
hydrogen bonded protons and the Ρ NMR spectra of the tRNA were 
recorded before and after complex formation with the 
tetranucleotide UUCA. It was shown that no gross conformational 
transition i.e. an unfolding of the tertiary structure of the 
tRNA takes place upon binding of UUCA to the tRNA anticodon. 
However, the results indicated that the structure of anticodon 
loop and anticodon stem is influenced. 
At this point two questions seem to be appropriate. First 
what is the nature of the structural adjustments taking place; 
this will be discussed in chapters VI and VII. Second, is the 
effect of codon-anticodon interaction on the structure of a 
Phe different tRNA species similar to that observed for yeast tRNA 
This question is important, since any physiologically relevant 
Phe 
conformational change, observed in yeast tRNA , is expected to 
take place also in a different tRNA species because of their 
similar role in protein synthesis. An obvious choice for another 
Phe Phe 
tRNA species is E.coli tRNA . It will be shown in this 
chapter, that the effect of oligonucleotide binding to E.coli 
Phe 1 
tRNA gives rise to effects in the Η NMR spectra similar to 
Phe those found for yeast tRNA . In addition, the structure of the 
various codon-anticodon complexes seems to be fairly similar. 
V-2 Materials and methods. 
Phe E.coli tRNA from MRE 600 was purchased from Boehringer 
Mannheim. The amino acid acceptance was 1388 pmol/A-,-., as 
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determxned by the manufacturer. The tRNA was dialysed against a 
solution containing 0.5 M NaCl, 0.001 M Na^S^O,, subsequently 
against four changes of a solution containing 0.001 M N a 2 S 2 0 3 
and was then lyophilized. Prior to use it was dissolved in the 
appropriate buffer. Solution conditions are indicated in the 
figure captions. For details concerning the handling of the 
oligonucleotides and the recording of the NMR spectra, the 
reader is referred to section IV-2. 
V-3 The effect of UUC and UUCA binding on the methyl proton 
Phe 
spectrum of E.coli tRNA 
Phe E.coli tRNA contains a moderate number of modified 
bases (see cloverleaf structure in Fig. V-l). Of these bases 
only three have additional methyl groups i.e. the T^. in the 
7 T-loop and the m G., in the extra arm. These modifications are 
found in most other tRNA's. In addition the base at the 3' side 
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Cloverleaf structure of E.coli tRNA 
G»C 
3i,_G»C -« according to Barrell and Sanger (1969). 
A·1·1 The structure of the hypermodified base 
y
 A 2 6 
ms ι A is given in Fig. V-2, X stands for 
U m.*,«A 
G . A 
3-N- (3-amino-3-carboxypropyl) u n d i n e . 
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FIG. V-2. 
The structure of the hypermodifled base 2-methyl-
? ¿ι 
thio-isopentenyl-adenosine (ms ι A), located 
Phe 
next to the anticodon in E.coli tRNA 
H .CK, 
HN-CÍÍ2 CH3 
Hf—S' Χ 
г ι 
FIG. V-3. 
360 MHz NMR spectra of the methylprotons in 
Phe 
E.coli tRNA before (A) and after (B,C,D) 
addition of oligonucleotides. The resonances of 
the thiomethylgroup and isopentenylmethylgroups 
2 6 
of the ms ι A base (Fig. V-2) are numbered 1 
and 2, respectively; signal 3 is from the 
methylgroup of Τ . Spectra were recorded at 
150C in the presence of 1.4 mM UUC (Β), 3.7 mM 
UUC (C) and 3.7 mM UUC and 2.6 mM UUCA (D). 
Asterisks indicate impurities. Solution 
conditions: 0.4 mM tRNA, 0.1 M NaCl, 10 mM MgCl», 
6.5 mM Na-S.O-., 30 mM sodiumphosphate at pH 7.4 
in D 20. 
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of the anticodon is a highly modified adenine residue namely 
2-methyl-thio-N -isopentenyl adenosine (ms ι Λ) (see Fig. V-2). 
Phe The methyl protons spectrum of E.coli tRNA between 
0-2.5 ppm is presented in Fig. V-3. Four methyl groups 
resonate in this spectral region: at 0.9, 1.7 and 2.4 ppm. On 
Phe the basis of the assignments made in yeast tRNA the resonance 
at 0.9 ppm is attributed to the methyl group of IV.. Furthermore 
7 
we do not expect a resonance of the m G.- residue in this 
spectral region (Daniel and Cohn, 1975) and therefore the 
resonances at 2.4 and 1.7 ppm can be assigned to the 
? fi hypermodifled ms ι A-..,. The resonance at 2.4 ppm is attributed 
to the thiomethyl group and that at 1.7 ppm to the two 
isopentenyl methyl groups. This follows directly from the 
relative intensities of the resonances. Furthermore the 
resonance position of the thiomethyl group is m the expected 
spectral region; e.g. a similar methyl group in methionine 
resonates at 2.2 ppm. 
Upon addition of increasing amounts of UUC the resonance 
of the thiomethyl group (resonance 1 in Fig. V-3) shifts upfield, 
indicating that UUC binds to the anticodon loop. When sufficient 
UUCA is added to the tRNA-UUC complex, the UUC is replaced and 
the anticodon sites become fully occupied by UUCA. Under these 
conditions the maximum upfield shift of the thiomethyl resonance 
amounts to 0.12 ppm. This value was taken as the maximum shift 
(Δω ) for UUC in order to calculate its association constant 
max _, Phe to E.coli tRNA . Moreover the shift of the thiomethyl 
resonance was measured as a function of the UUC concentration. 
From these data the association constant was calculated for the 
equilibrium: 
Php Pho 
E.coli tRNA + UUC <> (E.coli tRNA-UUC) 
yielding 650 M at 15 C, the temperature of the experiment in 
Fig. V-3. This value compares favourably with the association 
Phe 
constants determined for binding of UUC to yeast tRNA at this 
temperature i.e. 550 M _ (Yoon et al., 1975) and 740 M~ 
(Eisinger et al., 1971); the binding constant for UUC to both 
tRNA species is expected to be the same (Miller et al., 1974) . 
In addition to the effect on the chemical shift of the resonance 
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of the thiomethyl group, one of the isopentenyl methyl resonances 
shifts downfield. The maximum shift is 0.06 ppm. 
V-4 The effect of UUC and UUCA binding on the low field NMR 
Phe 
spectra of E.coli tRNA 
The low field NMR spectra of the hydrogen bonded protons 
Phe 
of E.coli tRNA were recorded at various temperatures in the 
absence and presence of the oligonucleotides UUCA and UUC. An 
example of the effect of binding of UUCA on the spectrum recorded 
at 35 С is shown in Fig. V-4. Figs. V-4A and V-4B represent the 
spectra in the absence and in the presence of UUCA respectively. 
Under the conditions of Fig. V-4B 84% of the tRNA is estimated 
to be complexed with UUCA. The difference spectrum at the bottom 
of this figure shows that after binding slight shifts of 
resonances can be observed of which we consider the one around 
13.2 ppm as the most important. We interprete this shift as a 
slight change of the position of a resonance originally at 13.2 
ppm and after binding at 13.0 ppm. This is more clearly visible 
in the spectra recorded at 1 С (sec Fig. V-5). The resonance may 
be ascribed to the hydrogen bonded U(N3) proton in the Α^,-ν.,. 
Л ЗУ 
basepair. The resonance position of the same proton in the 
Phe 
Α,.-Ψ,g basepair of yeast tRNA has been observed at 13.3 ppm 
(Lightfoot et al., 1973; Rordorf,1975). This is the basepair 
adjacent to the anticodon loop. A similar shift of the resonance 
at 13.2 ppm was noted when UUC was bound to the tRNA. It is also 
evident from the difference spectrum in Fig. V-4, that some 
resonance intensity appears at 10.5 ppm upon oligonucleotide 
Phe binding, again in agreement with the findings for yeast tRNA 
At 1 С at an occupancy of 98% of the anticodon sites the 
resonances of the G(N1) and U(N3) protons hydrogen bonded between 
the tRNA and UUCA are visible in the spectrum (Fig. V-5) as in 
Phe the yeast tRNA -UUCA complex. As shown in the difference 
spectrum at the bottom of Fig. V-5, extra resonance intensity 
corresponding to 2 or 3 proton resonances appears at 13.7 ppm 
and intensity corresponding with one proton resonance appears at 
11.8 ppm. In analogy with the assignments made for the yeast 
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FIG. V-4. 
Phe 360 MHz NMR spectra of the hydrogen bonded protons in E.coli tRNA before 
(Ä) and after (В) the addition of 4.7 mM UUCA, recorded at 35 С Under the 
conditions of spectrum В 84% of the anticodon sites is occupied. Solution 
conditions: 0.9 mM tRNA, 0.1 M NaCl, 10 mM MgCl , 13 mM Na.S 0 , 30 mM 
sodiumphosphate at pH 6.8. The difference spectrum at the bottom of this 
figure shows spectrum В minus spectrum A. 
RA Л Л Ч « Ί ^  » 
V, ppm Ю 
Phe 
Fig. V-5. 
360 MHz NMR spectra of the hydrogen bonded protons in E.coli tRNA before 
(A) and after (B) addition of 1.3 mM UUCA, recorded at 1 С Under the 
conditions of spectrum В 98% of the anticodon sites is occupied. For other 
details see legend to Figure V-4. 
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Phe tRNA -UUCA complex these resonances are attributed to the 
hydrogen bonded ring N protons of two or three AU pairs and one 
GC pair respectively. In addition to the new resonances others 
are shifted. We have discussed already the shift of the 
resonance at 13.2 ppm. In addition a shift is observed at 11.1 
ppm. It is also noted that an increase of resonance intensity 
at 10.5 ppm at 35 С is more outspoken at 1 С. The binding of 
Phe о UUC to E.coli tRNA at 1 С caused a complete loss of spectral 
resolution in the hydrogen bonded proton NMR spectra. Similar 
Phe 
effects were observed when UUC is bound to yeast tRNA . These 
effects will be enlarged upon in chapter VII. 
V-5 Discussion. 
The experiments described in this chapter were undertaken 
to extend the observations discussed in chapter IV to a second 
Phe Phe 
tRNA species and E.coli tRNA forms the most obvious choice. 
The effects of oligonucleotide binding on the NMR spectra of 
Phe this tRNA are grossly similar to those observed for yeast tRNA 
The methyl proton spectra of both tRNA species recorded 
in the absence and presence of the oligonucleotides UUC and UUCA 
do indicate, that the oligonucleotides bind to the anticodon 
loop of the tRNA. The resonances coming from the hypermodifled 
bases at the 3' side of the anticodon shift upon binding of UUC 
and UUCA. The association constants for the equilibrium between 
the tRNA and the various oligonucleotides have been determined 
from this shift. Within experimental error they are all equal 
to values obtained from equilibrium dialysis experiments or 
fluorescence measurements. Since the observed shifts of the 
methyl resonances are too large to be caused by ring currents 
from the U residue in the AU.,- basepair, a readjustment of the 
anticodon loop conformation takes place upon binding of the 
oligonucleotides. This suggests that the shift of the methyl 
resonances comes from an improved stacking of one of the 
neighbouring adenine residues. 
The conformational change of the anticodon loop of the 
tRNA after binding of UUCA is propagated into the anticodon stem: 
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a resonance located at 13.2 ppm shifts slightly upficld after 
oligonucleotide binding. This resonance has been attributed to 
the Α,.-ν,η basepair. In addition to the shift of this resonance, 
the resonances of hydrogen bonded protons in the codon-anticodon 
complex are visible in the spectra of the hydrogen bonded 
protons recorded at low temperatures (1 C ) . At 11.8 ppm the 
Phe 
resonance of the GC-. basepair is observed in E.coli tRNA , 
Phe 
as it was in yeast tRNA . Resonances of hydrogen bonded U(N3) 
protons are observed in the spectral region between 13.3 and 
Phe 13.7 ppm. Binding of UUCA to E.coli tRNA leads to an increase 
of resonance intensity which exceeds the three proton resonances 
expected to arise from complex formation between anticodon and 
the complementary trinucleotide sequence. Since U,-, of the tRNA 
is complementary to the 3' terminal A of UUCA, apparently also 
the AU.,., basepair is formed. This point will be elaborated in 
the next chapter. 
In summary it can be said, that oligonucleotide binding 
Phe to the anticodon of yeast and E.coli tRNA has similar effects 
on their H NMR spectra and hence on the structure of both tRNA 
species . 
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Chapter VI 
THE EFFECT OF OLIGONUCLEOTIDE BINDING 
ON ANTICODON LOOP STRUCTURE. 
VI-1 Introduction. 
The anticodon triplet in LRNA plays a key role in 
decoding the genetic message on the messenger RNA. Recently a 
number of studies has been carried out to gain a better 
understanding of the codon-anticodon recognition process. 
Oligonucleotide binding studies yielded the more or less 
surprising result that the binding of tri-, tetra- or 
pentanucleotides complementary to the anticodon loop bases is 
orders of magnitude higher than the values found or expected 
for the formation of the comparable double helices. Even higher 
binding constants were measured when two tRNA's with 
complementary anticcdons were combined. One of the reasons for 
these higher binding constants may be the constraints to which 
the bases in the loop are subjected (Gros^ean et al., 1976). 
Indeed in the x-ray structure model the anticodon loop is 
highly structured. The five bases at the 3' side of the loop are 
stacked upon each other. In order to accomodate this stack a 
sharp turn of the phosphate backbone is required. This is 
provided by the socalled U turn. After U,.. (in the anticodon 
Phe loop in yeast tRNA ) the phosphate 34 changes direction quite 
abruptly through the rotation of the P-O-, bond. The 
stabilization for this turn derives in part from a hydrogen 
bond formed between N,H of U,, and the phosphate 36. It is 
interesting to note that U,, which is located at the 5' side of 
of the anticodon (see Fig. 1-4) is an invariant base i.e. a 
undine is found in all other tRNA's at this position. This 
suggests that the anticodon conformation in the x-ray model of 
Phe tRNA may be a common feature of all other tRNA's. In this 
conformation U-.-. is not available for hydrogen bonding to 
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complementary oligonucleotides. Yet a number of oligonucleotide 
binding studies suggest that in solution it is available 
(Eisinger and Spahr, 1973; Pongs et al., 1973; Freyer and Tinoco, 
1975; Yoon et al., 1975; Uhlenbeck et al., 1970). 
As was demonstrated in the preceding chapters the 
resonances of the G(N1) and U(N3) protons hydrogen bonded between 
Phe the tRNA anticodon loop and complementary oligonucleotides 
can be resolved in the low field NMR spectrum recorded at low 
temperatures. The results obtained for UUCA binding did not 
permit us to draw final conclusions with regard to the basepair 
formation of U,, with the A of UUCA because the intensity of the 
resonances at 13.3 ppm (Fig. IV-5) could not be determined with 
sufficient accuracy. In the presented chapter we have attempted 
to solve this question using the following approach: 
Phe 
a) UUCG was bound to yeast tRNA to see whether U-, could form 
a GU basepair, because resonances of this GU pair may be 
detectable (cf. section II-7). 
b) UUCAG, complementary to the five 5'-terminal bases in the 
Phe 
anticodon loop of yeast tRNA , was bound to the tRNA to see 
whether a five basepair complex is formed. 
It will be shown that U,, is indeed available for hydrogen 
bonding with complementary nucleotides. This suggests that the 
anticodon loop may be rather flexible in solution. The 
possibility that the anticodon loop can form more than three 
basepairs with complementary oligonucleotides has interesting 
implications for the mechanism of protein synthesis. 
VI-2 Materials and methods. 
UUCG and UUCAG were synthesized by G. Wille Hazeleger 
in the laboratory of Prof. J. van Boom using the phosphotnester 
method. After the synthesis no impurities could be detected by 
high performance liquid chromatography, H NMR and Ρ NMR. 
Fluorescence binding experiments were carried out on a 
Perkin Elmer MPF 4 fluorescence spectrophotometer using the 
Phe Y-base of yeast tRNA as a probe. The excitation and emission 
wavelengths were set at 313 nm and 443 nm respectively. 
84 
t
^Ц^Íj^^^ íVfY 
FIG. VI -1 . 
V, 12 
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Phe 360 MHz NMR spect ra of the hydrogen bonded protons in yeas t tRNA before 
(A) and a f t e r (B) a d d i t i o n of 8.8 mM UUCG, recorded a t 3 50C. Under the 
condit ions of spectrum В 87% of the anticodon s i t e s i s occupied. The 
dif ference spectrum a t the bottom of t h i s f igure r e p r e s e n t s spectrum В minus 
spectrum A. tRNA was made Mg free before use. Solut ions c o n d i t i o n s : ImM 
tRNA, 0.1 M NaCl, 24 mM Na Ξ 0 , 30 mM sodiumphosphate a t pH 7.4. 
C o n c e n t r a t i o n of tRNA was 5-10 μΜ i n a b u f f e r c o n t a i n i n g 30 mM 
sodiumphosphate, 100 mM NaCl and 10 mM MgCl- a t pH 7.0 i n D 2 0 . 
Phe VI-3 I n t e r a c t i o n of y e a s t tRNA w i t h UUCG. 
The Η NMR s p e c t r a of the hydrogen bonded r i n g p r o t o n s of 
Phe y e a s t tRNA i n t h e absence and p r e s e n c e of t h e t e t r a n u c l e o t i d e 
UUCG were r e c o r d e d a t 35 С and 1 C. R e s u l t s a r e p r e s e n t e d i n 
F i g . VI-1 and F i g . VI-2 . Using t h e v a l u e s of t h e b i n d i n g 
c o n s t a n t s (Pongs and Rheinwald, 1973) we c a l c u l a t e d t h a t under 
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„Phe 
10 ppm 
360 MHz proton NMR spectra of yeast tRNA before (A) and after (B) addition 
о 
of 4.9 mM UUCG, recorded at 1 C. Under the conditions of spectrum В 99% of 
the anticodon sites is occupied. The spectrum at the bottom of this figure 
represents spectrum В minus spectrum Л. For further details see legend to 
Figure VI-1. 
the conditions of the measurements more than 85% of the tRNA is 
complexed to UUCG. At 35 С the difference between the hydrogen 
bonded proton NMR spectra obtained in the presence and the 
absence of the tetranucleotide is similar to that obtained for 
the tetranucleotide UUCA (compare Fig. IV-3 and Fig. VI-1). 
Although the difference spectrum m Fig. VI-1 is somewhat noisier 
there is again a change at 12.5 ppm. 
At 1 C, G(N1) and U(N3) protons hydrogen bonded between 
the tRNA and the oligonucleotide become visible. This is shown 
in Fig. VI-2, where the spectra in the absence (Fig. VI-2A) and 
86 
presence (Fig. VI-2B) of 4.9 mM UUCG are presented. The 
difference between these two spectra is given at the bottom of 
Fig. VI-2. Extra resonance intensity is observed around 13.3 
ppm, which comes from the AU pairs formed between the tRNA and 
UUCG. Also a resonance is observed at 12.1 ppm, which is 
attributed to the G(N1) proton hydrogen bonded in the GC,. 
basepair. Interestingly this resonance is found 0.3 ppm down-
field from the resonance assigned to the GC basepair in the 
tRNA-UUCA complex (cf. section IV-4 and section V-4). This 
difference can be explained by taking into account that a smaller 
upfield ring current shift of the GC. . resonance is induced by 
the 3' terminal G of UUCG than by the 3' terminal A of UUCA, when 
the oligonucleotides are bound to the tRNA. The changes observed 
between 11.5 and 9.0 ppm are similar to those induced by the 
other oligonucleotides studied in this thesis (see Fig. IV-5, 
V-4). We do not,however,see the two resonances which may arise 
from the possible formation of the GU,, basepair and which then 
are expected at 12.2 ppm and 11.4 ppm (section II-7). This 
leaves the question whether residue U-,, is available for binding 
with the tetranucleotide unanswered. 
Phe VI-4 Interaction of yeast tRNA with UUCAG. 
VI-4-1 NMR studies. 
The NMR spectra of the hydrogen bonded G(N1) and U(N3) 
Phe protons of yeast tRNA were recorded before and after complex 
formation with the pentanucleotide UUCAG at various temperatures. 
Fig. VI-3 shows the effect of the binding of UUCAG to the tRNA 
on the spectrum obtained at 35 C. Again a slight change is 
visible at about 12.5 ppm similarly to the shift observed upon 
binding of UUCA and UUCG to the tRNA (section IV-4, VI-3). In 
addition to this shift some extra resonance intensity appears at 
10.7 ppm, which was also observed earlier (cf. sections IV-4, 
VI-3). 
At low temperatures (i.e. at 1 C) resonances of the G(N1) 
and U(N3) protons hydrogen bonded between the tRNA and the 
pentanucleotide become manifest in the spectrum. This is shown 
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FIG. VI-3. 
Phe 360 MHz NMR spect ra of the hydrogen bonded protons in yeast tRNA before 
(A) and a f t e r (B) addi t ion of 3.Q mM UUCAG, recorded a t 350C. Under the 
condi t ions of spectrum В 90% of the anticodon s i t e s i s occupied. The spectrum 
a t the bottom of t h i s f igure represents spectrum В minus spectrum A. For 
fur ther d e t a i l s see legend of Figure VI-1. 
in Fig. VI-4, where the spectra of the tRNA in the absence 
(Fig. VI-4A) and presence (Fig. VI-4B) of 3.8 mM UUCAG are 
presented. As with the other nucleotides the difference spectrum 
a t the bottom of Fig. VI-4 shows extra resonances appearing a f te r 
complex formation accompanied by s h i f t s of some other resonances. 
The changes around 12.5 ppm and 10.7 ppm observed a t 35 С are 
pertained a t 1 C. In the complex the resonance i n t e n s i t y has 
s i g n i f i c a n t l y increased around 13.3 ppm. Comparison of the 
s ignals in the dif ference spectrum (Fig. VI-4) with the two one 
proton resonances a t the low f ie ld s ide of spectra VI-4A and 
VI-4B shows t h a t the increase i s equivalent to 3-4 protons. In 
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FIG. VI-4. 
ppm 
Phe 360 MHz NMR spect ra of the hydrogen bonded protons in yeast tRNA before 
(A) and a f t e r (B) the a d d i t i o n of 3.6 mM UUCAG, recorded a t 10C. Under the 
condit ions of spectrum В 99% of the anticodon s i t e s i s occupied. The spectrum 
a t the bottom of t h i s f igure r e p r e s e n t s spectrum В minus spectrum A. for 
further d e t a i l s see legend of Figure VI-1. 
accordance w i t h t h e e a r l i e r a s s i g n m e n t s ( s e c t i o n IV-4) t h r e e of 
t h e s e r e s o n a n c e s a r e a t t r i b u t e d t o AU p a i r s i . e . AU,-., AU,- and 
AU,,, w h i l e t h e f o u r t h r e s o n a n c e may come from GC as w i l l be 
d i s c u s s e d below. Around 11.6 ppm i n c r e a s e of r e s o n a n c e i n t e n s i t y 
i s o b s e r v e d . The s i g n a l , h o w e v e r , i s r a t h e r b r o a d . I n a c c o r d a n c e 
wi th the e a r l i e r a s s i g n m e n t s i t i s a t t r i b u t e d t o t h e GC,. 
b a s e p a i r , a l t h o u g h we have no e x p l a n a t i o n why i t i s b r o a d e r i n 
t h i s p a r t i c u l a r e x p e r i m e n t . I n a d d i t i o n t o t h e s p e c t r a r e c o r d e d 
a t 1 С and 35 C, e x p e r i m e n t s were c a r r i e d o u t a t 15 C. 
I n t e r e s t i n g l y a t t h i s t e m p e r a t u r e r e s o n a n c e i n t e n s i t y from 
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FIG. V I - í . 
Phe 360 MHz NMR spec t ra of the hydrogen bonded protons in yeas t tRNA before 
(A) and a f t e r (B) the addi t ion of 3.8 mM UUCAG, recorded a t 15 0 α. Under the 
c o n d i t i o n s of spectrum Β 99ΐ of the anticodon s i t e s i s occupied. The spectrum 
a t the bottom of t h i s f igure represent s spectrum В minus spectrum A. For 
fur ther d e t a i l s see legend to Figure VI-1. 
hydrogen bonded p r o t o n s of the t R N A - p e n t a n u c l e o t i d e complex i s 
s t i l l m a n i f e s t i n t h e spectrum i . e . a t 13.3 and 11.4 ppm 
( F i g . V I - 5 ) , though t h e t o t a l i n t e n s i t y i s reduced as compared 
w i t h t h e e x p e r i m e n t performed a t 1 С ( F i g . V I - 5 ) ; aga in t h i s i s 
caused by exchange phenomena (see s e c t i o n IV-7 ) . Binding of 
Phe UUCAG induced s h i f t s i n t h e y e a s t tRNA methyl p r o t o n and 
31 
Ρ NMR spectrum very similar to those obtained after binding 
of UUCA (cf. sections IV-3 and IV-5). 
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VI-4-2 Binding studies. 
The NMR studies of the tRNA-UUCAG complex were 
supplemented by fluorescence binding studies. The quantum yield 
Phc 
of the fluorescence of the Y-base of yeast tRNA decreases 
upon binding of oligonucleotides to the anticodon (Eisinger et 
al., 1970). Changes in the fluorescence intensity were determned 
as a function of the ratio UUCAG/tRNA to derive the binding 
constant at different temperatures. At 4 С and at 25 С the 
association constants amounted to 2.5χ10 M and 1.0 x10 M 
respectively. The value for the association constant at 4 С is 
in reasonable agreement with the results of Eisinger and Spahr 
(1973), who estimated it to exceed 3x10 M~ at this 
temperature. From the temperature dependence of the binding 
constant the reaction enthalpy and entropy were determined 
yielding -105 kJ.mol- (-25 kcal, mol ) and -276 J.mol .degree 
(-66 cal.mol .degree ) respectively. 
VI-5 Discussion. 
VI-5-1 Structure of the oligonucleotide-tRNA complex. 
In an early attempt to obtain information on the structure 
of the anticodon loop in solution Eisinger and Spahr (1973) 
studied the complex formation of a digest of 23S rRNA with yeast 
Phe tRNA . One of the oligonucleotides in this digest is the 
pentanucleotide UUCAG. The authors demonstrated that this oligo-
Phe 
nucleotide binds to yeast tRNA with an association constant 
higher than 3x10 M - at 40C and they concluded that five 
basepairs are formed in the tRNA-pentanucleotide complex and the 
anticodon loop is in the 5' stacked conformation. The 
experiments described in this chapter support their conclusions 
in much more detail. Four to five hydrogen bonded resonances 
from ring N protons are observed in the tRNA-UUCAG complex. Since 
the five bases of the 5' side of the anticodon loop form the only 
sequence complementary to the pentanucleotide this provides 
strong evidence that five basepairs are formed between this loop 
and the pentanucleotide. 
This conclusion is supported by the fluorescence binding 
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experiments. The thermodynamic parameters for binding of UUCA to 
Phe yeast tRNA have been determined by Yoon et al. (1975); they 
found -80 + 17 kJ.mol-1 (-19 + 4 kcal.mol"1) and -188 + 25 
J.mol .degree (-45 + 6 cal.mol .degree ) for the enthalpy and 
entropy of complex formation respectively. Formation of an extra 
GC pair in the UUCAG-tRNA complex compared with the UUCA-tRNA 
complex is expected to change the enthalpy and entropy terms by 
an amount of -25 kJ.mol (-6 kcal.mol ) and -54 J.mol .degree 
(-13 cal.mol .degree ) respectively (Borer, 1974). Combining 
these values we expect to find for the enthalpy and entropy of 
formation of the UUCAG-tRNA complex -105 + 17 kJ.mol-1 
(-25 + 4 kcal.mol-1) and -242 + 25 J.mol-1.degree-1 
(-58 + 6 cal.mol .degree ). These values are in good agreement 
with those experimentally observed (section VI-4-2) i.e. 
-105 kJ.mol for the reaction enthalpy and -276 J.mol .degree 
for the reaction entropy. 
In order that a five basepaired complex can be formed the 
anticodon loop most likely adopts a conformation in which the 
five bases at the 5' side are stacked upon each other i.e. the 
anticodon loop adopts a socalled 5' stacked conformation contrary 
to the 3' stacked conformation of the crystal structure model 
(Fig. VI-6). 
Assuming that in the 5' stacked conformation the tRNA-
UUCAG complex forms an A'RNA double helix the resonance positions 
of the hydrogen bonded protons can be predicted by calculating 
the ring current shifts from the corrected tables of Shulman 
et al. (1973) . The intrinsic resonance positions derived m 
section II-3 were used as starting positions. The results are 
listed in Table VI-1 together with the observed resonance 
positions. In addition calculated resonance positions are given 
for those hydrogen bonded protons which can be formed in the 3' 
stacked conformation. To this end the coordinates of the crystal 
structure (Jack et al., 1976) were used together with the ring 
current shift calculations of chapter II. Comparison of the 
resonance positions calculated for the 5' stacked conformation 
with those observed shows that the two sets of data are in 
reasonable agreement except for the AU-., basepair. However, this 
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TABLE VI-1. 
Comparison of the observed resonance positions (ppm) of the hydrogen bonded 
Phe G(N1) and U(N3) protons in the UUCAG-yeast tRNA complex with the positions 
predicted on the basis of the two alternative structures of the anticodon 
loop (5' stacked and 3' stacked, Fig. VI-6). For details see section VI-5. 
codon tRNA observed position predicted 
5' stacked 3' stacked 
U - A 36 
U 
С 
A 
G 
35 
Gm 34 
33 
Cm 32 
13.3 
13.3 
11.6 
13.6 
13.1(?) 
14.4 
13.3 
11.6 
13.5 
13.5^ 
14.4 
14.4 
11.6 - 12.6 
impossible 
impossible 
a ring current shift of the Α -Ψ basepair is not taken into account. 
TABLE VI-2. 
Resonance positions (ppm) of hydrogen bonded protons in the codon-anticodon 
complex observed in the various tRNA-oligonucleotide complexes. 
oligonucleotide 
observed positions 
GCin,„ AU,^ and AU,^ 34 Зэ 36 Figure 
Phe 
Phe 
yeast tRNA' 
yeast tRNA' 
Phe 
E.coli tRNA - UUCA 
- UUCA 
- UUCG 
yeast tRNA Phe UUCAG 
11.8 
12.1 
11.6 
11.6 
13.3 
13.3 
13.7 
13.3 
IV-4 
VI-2 
V-5 
VI-4 
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FIG. V I - 6 . 
Phe. 
Schematic representation of the anticodon loop conformations of yeast tRNA 
The anticodon sequence GAA is drawn in the white box. The structure in 'a' 
is the 3' stacked conformation, which is representative of the x-ray 
Phe 
structure model of yeast tRNA (Fig. 1-7). In 'b' the pentanucleotlde UUCAG 
is bound to the anticodon loop in the 5' stacked conformation 
(cf. Fig. VIII-1). 
basepair is at the end of a double helix (Fig. VI-6) and an 
upfield shift may be found as a result of fraying effects which, 
as demonstrated earlier, may occur at the end of short double 
helices (Patel and Hilbers, 1975). In the 3' stacked conformation 
the basepair AU.., and GC,- cannot be formed. Moreover, the 
predicted position of AU,^ considerably deviates from the 
observed position. 
Therefore, it may be concluded, that the structure of the 
anticodon loop in the codon-anticodon complex is similar to an 
A'-RNA or A-RNA helical structure with the 5 bases on the 5' side 
of the anticodon loop forming a continuous stack. 
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Subsequently, it is interesting to compare the results 
obtained for the other oligonucleotides studied in this thesis 
with those obtained for the pentanucleotide . To this end the 
resonance positions of the hydrogen bonded protons in the various 
oligonucleotide-tRNA complexes are listed in Table VI-2. It is 
clear that resonances are observed at about 13.4 ppm and 11.8 
31 Phe 
ppm. In addition the changes of the Ρ spectra of yeast tRNA 
after complex formation are highly similar for all 
oligonucleotides studied while for the three different 
oligonucleotides whose binding has been followed via the methyl 
proton spectrum the shift of the Cll-CH, of the Y-base is similar 
(see Tabel VII-1). This indicates that in these complexes (with 
the possible exception of the UUC complex, see next chapter) 
the anticodon loop conformation is similar to that found in the 
pentanucleotide-tRNA complex, i.e. U_-. most likely binds to A 
or G in the UUCA and UUCG complexes, and not to phosphate-,,. 
Note that in the 3' stacked configuration the AU^ j- resonance is 
predicted at 14.4 ppm, but is not observed at this position for 
any of the oligonucleotide-tRNA complexes. Accordingly, the 
increased binding constants of the tetranucleotides UUCA and UUCG 
relative to the binding constant of UUC are most naturally 
explained by the formation of a fourth basepair as originally 
proposed (Uhlenbeck et al., 1970). In the x-ray diffraction model 
the anticodon loop is in a 3' stacked conformation and there has 
been a tendency to explain the increased binding of the 
tetranucleotides to this conformation by the stabilizing 
contribution of the dangling ends. In view of the results 
presented above this seems an unlikely explanation for the 
complexes studied here. 
VI-5-2 Comparison with results from other methods. 
A number of oligonucleotide binding studies have in fact 
indicated,that the anticodon loop can rather easily be forced 
into conformations strongly deviating from the 3' stacked 
Phe 
conformation. Apart from the UUCAG binding to yeast tRNA found 
by Eisinger and Spahr (1973),it was observed that trinucleotides, 
being complementary to one or two bases at the 5' side of the 
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anticodon and two or one bases of the anticodon respectively 
bind to tRNA (Freyer and Tinoco, 1975; Pongs et al., 1973), 
while such a binding is not possible in the x-ray diffraction 
Phe 
model of yeast tRNA . Moreover, Yoon et al. in their study of 
Phe the binding of UUC and UUCA to yeast tRNA found a decrease in 
the rotational strength of the fluorescence detected dichroism 
of the Y-base. From this, they concluded that the Y-base cannot 
be rigidly stacked on the oligonucleotides, when bound to the 
tRNA, as is expected in a 3' stacked configuration. Rather in 
the complex the Y-base seems to be much more flexible, as in the 
5' stacked conformation. 
The question remains to be solved whether or not the 3' 
stacked conformation can exist in solution. Other systems which 
have been employed to study the coding properties of the 
anticodon consist of pairs of tRNA's with complementary 
anticodons. As originally discovered by Eisinger (1971) such 
tRNA's form exceptionally stable complexes. It has been shown 
by Gros^ean et al. (1976) and by Eisinger and Gross (1975) that 
abnormally high values of the reaction enthalpies (relative to 
the formation of trinucleotide double helices) can explain the 
high stability of these complexes. Because base stacking is 
generally considered to be the major source of enthalpy in 
nucleic acid interactions (Bloomfield et al., 1974) the tRNA-
tRNA complexes are most likely stabilized by an unusual extent 
Phe 
of base stacking. Therefore - taking the yeast tRNA 
Pin 
E.coli tRNA pair as an example - the stacking of the Y-base 
is thought to be an important source of the stability of this 
complex. This implies that in the complexes the anticodon loop 
structure is considered similar to the 3' stacked conformation 
of the x-ray structure model. This is supported by the 
observations that two tRNA's, yeast tRNA and E.coli tRNA , 
which are complementary through the five basepairs at the 5' side 
of their anticodon loops, do not form a complex. 
In this respect, it is interesting to consider recent 
experiments by Davanloo and Sprinzl (1978), who studied the 
formation of the yeast tRNA -E.coli tRNA complex employing 
the H NMR spectrum of the methyl groups in these tRNA's. The 
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upfield shift of the Cll-CH, proton resonance amounts to 0.25 ppm 
which is about twice the value observed in our experiments (see 
Tabel VII-1) suggesting an improved stacking of the Y-base 
Phe 
relative to the adjacent adenines in the yeast tRNA -E.coli 
Glu tRNA complexes. Apparently, the structure of the anticodon 
loop in this complex differs from that m the oligonucleotide-
Phe yeast tRNA complex. 
It is clear from the above discussion that the structure 
of the anticodon loop in solution cannot be identified with one 
particular conformation. There are some other observations 
supporting this notion. Urbanke and Maass (1978) detected a 
conformational transition in the anticodon loop by fluorescence 
detected T-jump techniques. Moreover, it was noted that in the 
Phe 
crystal structure of yeast tRNA the anticodon nucleotides 
have a relatively large thermal motion (Holbrook et al., 1978). 
Also important differences between the anticodon loop 
Phe Met 
conformation of yeast tRNA and E.coli tRNAj. were detected 
by x-ray diffraction studies (A. Rich, personal communication). 
Depending on solution conditions and complex formation, if any, 
the anticodon loop can be forced into a particular conformation 
and therefore seems rather flexible. This is clearly demonstrated 
in the NMR spectra which show that binding of the 
oligonucleotides changes the anticodon loop conformation as is 
manifest from the shifts of the Y-base Cll-CH, resonance and 
internucleotide phosphate resonances. 
97 

Chapter VII 
Phe CODON-ANTICODON INTERACTION IN YEAST tRNA ; 
THE EFFECT OF BINDING OF UUC AND UUUU. 
VII-1 Introduction. 
It has been demonstrated in the preceding chapter, that 
the anticodon loop rather easily adopts a conformation in which 
it can form a double helix together with complementary 
oligonucleotides. These oligonucleotides consisted of codons 
having additional base(s) at their 3' side, which favor the 
formation of a basepair with U-, in the anticodon loop. With the 
anticodon loop forced in such a conformation no indications were 
found of the disruption of the T-loop D-loop interactions, a 
process which may take place during protein synthesis. It has 
been argued (Kurland et al., 1975)that tRNA conformations 
favorable to nbosome binding are only generated when the 
anticodon bases are properly matched with the codon. A recent 
experiment by Moller et al. (1978) indicates that the 
tetranucleotide UUCA may not fulfill this requirement. The 
Phe authors demonstrate that the yeast tRNA -UUCA complex hardly 
binds to the 30S nbosomal subunit, while the trinucleotide UUC 
and the tetranucleotide UUUU stimulate tRNA binding to this 
nbosomal subunit. Therefore m this chapter the association of 
Php UUC and UUUU with yeast tRNA is investigated. 
It will be shown that the trinucleotide has an 
interesting effect on the tRNA structure not observed for the 
* 
other nucleotides. At NMR concentrations UUC tends to promote 
the formation of tRNA dimers (aggregates) an effect which can be 
undone by binding the tetranucleotide UUCA. 
VII-2 Materials and methods. 
Phe Yeast tRNA and UUUU were purchased from Boehnnger 
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Mannheim. UUC was synthesized by G. Wille Hazeleger in the 
laboratory of Prof. J. van Boom using the phosphotnester method 
(Van Boom et al., 1977 a,b). Concentrations of the oligo­
nucleotides were calculated taking 1 Λ-,^ /ηιΙ equal to 40 μΜ UUC 
and to 25 yM UUUU. For details of the handling of tRNA, oligo­
nucleotides and the recording of the spectra the reader is 
referred to section IV-2. 
Centrifugation experiments were performed on a Spinco 
model E analytical ultracentrifuge using the Spinco four place 
rotor An-F Ti. Sedimentation experiments were performed at 
60.000 rpm; equilibrium centrifugation was done at 30.000 rpm. 
Rather high tRNA concentrations (0.2-0.9mM) were used to 
facilitate a direct comparison with the NMR results. 
VII-3 The effect of UUC and UUUU binding on the methyl proton 
Phe 
spectra of yeast tRNA 
NMR spectra of the methyl protons (0-4 ppm) of yeast 
Phe 
tRNA were recorded at various concentrations of the oligo­
nucleotides UUC and UUUU. Fig. VII-1 shows an example of the 
effect of codon-anticodon interaction. When the codon UUC binds 
to the tRNA, a significant line broadening of all resonances is 
observed and the resonance, located at 2.0 ppm in the absence of 
oligonucleotide, shifts upfield (Fig. VII-1B). The shift has 
also been observed after complex formation of UUCA (Fig. IV-1). 
This resonance has been assigned to the Cll-methyl group of the 
Y-base (chapter IV),which is located next to the anticodon (see 
inside back cover). Also after complex formation of the tetra-
nucleotide UUUU a shift of this resonance is observed while the 
other methyl resonances do not shift. As has been argued in 
• 
chapter IV these results demonstrate that the oligonucleotides 
bind to the anticodon loop of the tRNA. 
The chemical shift of the Y-base Cll-methyl resonance 
measured as a function of oligonucleotide concentration was used 
to determine the association constant for the equilibrium: 
Phe Phe 
tRNA + oligonucleotide <->• (tRNA -oligonucleotide). 
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FIG. VII-1. 
Phe 360 MHz NMR spectra of the methyl protons of yeast tRNA before (A) and 
о 
after (B,C) addition of oligonucleotides. Spectra were recorded at 15 С 
without added oligonucleotide (A), and after addition of 4.2 mM UUC (B) and 
of 4.2 mM UUC and 3.9 mM UUCA (C). Assignment of the resonances according 
to the low temperature data of Davanloo et al. (197Θ); l:Cfi of D ; 
2:m2G10 and C5 of D ^ ^ ; 3:1,^; 4 ^  (Cl I-CH3) ; 5:m
5C49; β-.^-,Τ.Τ^. 
Asterisks indicate impurities. Solution conditions: 0.5 mM tRNA, 0.1 M NaCl, 
2 mM Na S О , 20 mM MgCl , 30 mM sodiumphosphate at pH 7.4 in DO. 
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The equilibrium constants, obtained, as described in chapter IV, 
are presented in Table VII-1. Included in this table are the 
equilibrium constants for other oligonucleotides as well as 
values determined by other groups using different techniques. 
The results obtained by NMR and by other techniques compare 
favourably with each other. Also presented in Table VII-1 are 
the values of the maximal chemical shift difference (Δω ) i.e. 
max 
the difference between the resonance positions of this methyl 
Phe Phe 
group in tRNA and in tRNA fully complexed with oligo­
nucleotide. This value of Δω is about 0.12 ppm for all oligo-
max
 Γ
^ 
nucleotides used. 
Phe 
As mentioned above binding of UUC to yeast tRNA also 
induces a substantial line broadening of all resonances of the 
methyl proton spectrum (Fig. VII-1B). In addition resonances at 
2.9 and 2.4 ppm are specifically broadened or shifted. We cannot 
discriminate between these two possibilities. 
UUCA is a very effective competitor for the codon binding 
site on the tRNA, because at the temperature of the experiment 
TABLE VII-1. 
Phe 
Association constant К for the equilibrium between yeast tRNA and 
oligonucleotides as determined from the chemical shift of the Y-base Cll-CH 
resonance. К represents equilibrium constants derived by other groups. 
Δω іь the upfield shift of this resonance if the tRNA were fully 
max 
complexed with oligonucleotide. Solution conditions: 10 mM phosphate, 
100 mM NaCl, 10 mM MgCl2, 20 mM Na S О pH 7.0. 
codon temperature 
(0c) 
UUCA 35 
UUC 2 
UUUU 2 
a. Pongs, O. and Rheinwald, E. (1973). 
b. Eibinger, J., Feuer, В. and Yanane, T. (1971) 
c. Pongs, O., Bald, R. and Rheinwald, E. (1973). 
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FIG. VII -? . 
.Phe 360 MHz NMR spect ra of the hydrogen bonded protons xn yeas t tRNA before 
(Ä) and a f t e r (B) the addi t ion of 3.2 mM UUC, recorded a t 20C. Under the 
condit ions of spectrum В 81% of the anticodon s i t e s i s occupied. tRNA 
concentrat ion was 1.4 mM in a so lut ion conta ining 0.1 M NaCl, 10 mM MgCl , 
12 mM Na S О , 10 mM sodiumphosphate a t pH 7.0. 
i n Г і д . V I I - 1 i t s b i n d i n g c o n s t a n t i s 50 t i m e s t h a t o f UUC (Yoon 
Phe 
e t a l . , 1 9 7 5 ) . T h e r e f o r e , UUCA was a d d e d t o t h e tRNA -UUC 
c o m p l e x a n d t h e o r i g i n a l s p e c t r a l r e s o l u t i o n was r e c o v e r e d 
( F i g . V I I - 1 C ) . T h i s p r o v e s t h a t t h e b r o a d e n i n g of r e s o n a n c e s 
Phe 
a f t e r c o m p l e x f o r m a t i o n o f y e a s t tRNA w i t h UUC i s d u e t o 
c o d o n - a n t i c o d o n i n t e r a c t i o n . 
The l i n e b r o a d e n i n g e f f e c t s o b s e r v e d w i t h t h e t r i n u c l e o t i d e 
Phe 
w e r e n o t o b t a i n e d a f t e r c o m p l e x f o r m a t i o n o f y e a s t tRNA w i t h 
UUUU. 
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FIG. VII-3. 
Phe 360 MHz NMR spect ra of the hydrogen bonded protons in yeast tRNA before 
(A,B) and a f t e r (C) the a d d i t i o n of UUC to a concentra t ion of 25mM, recorded 
о Phc 
a t 22 C. A: yeast tRNA ; B: i d e n t i c a l with spectrum A, except t h a t a l l 
resonances were broadened with 12 Hz by exponential m u l t i p l i c a t i o n in the 
Phe 
time domain; C: yeas t tRNA + 2 5 mM UUC. Under the condi t ions of spectrum 
С 88% of the anticodon s i t e s i s occupied. tRNA concentrat ion i s ImM; for 
o ther s o l u t i o n condi t ions see Fig . VII-2. 
V I I - 4 The e f f e c t o f UUC a n d UUUU b i n d i n g on t h e h y d r o g e n b o n d e d 
p r o t o n s p e c t r a . 
Phe Complex f o r m a t i o n o f y e a s t tRNA w i t h UUC a l s o r e s u l t s 
i n an o v e r a l l l i n e b r o a d e n i n g of t h e r e s o n a n c e s i n t h e low f i e l d 
NMR s p e c t r u m . T h i s i s shown i n F i g . V I I - 2 , w h e r e t h e y e a s t 
Phe tRNA s p e c t r u m ( F i g . V I I - 2 A ) i s c o m p a r e d w i t h t h e s p e c t r u m o f 
Phe 
t h e y e a s t tRNA -UUC c o m p l e x ( F i g . V I I - 2 B ) ; b o t h s p e c t r a w e r e 
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recorded at 2 С in the presence of 10 mM Mg . At a higher 
temperature the linebroademng is less severe. Fig. VII-3 shows 
Phe the low field NMR spectra of yeast tRNA before and after 
(Fig. VII-3A, VII-3C, respectively) addition of 25 mM UUC, 
recorded at 22 С in the presence of 10 mM Mg . Spectrum VII-3B 
is a simulated spectrum obtained by increasing the linewidths of 
the resonances of spectrum VII-3A with an amount of 12 Hz by 
exponential filtering in the time domain. Comparison of the 
spectrum VII-3B with VII-3C shows, that both spectra are nearly 
identical, except for some extra decrease in the resolution 
around the main peak centred at 12.5 ppm. We cannot say whether 
this is due to an extra broadening or to slight shifts of 
particular resonances. It should be noted that also in the high 
Phe field NMR spectra of yeast tRNA an overall linebroademng is 
observed for all resonances upon complexation with UUC while in 
addition some resonances are specifically affected, as described 
in the preceding section. 
2+ In the absence of Mg the linebroademng is not as 
pronounced as in Fig. VII-2. This permitted the resolution of the 
resonances from the protons hydrogen bonded between the tRNA and 
Php UUC. The low field NMR spectra of yeast tRNA before and after 
addition of UUC,recorded at 2 C, are shown in Fig. VII-4A and 
VII-4C respectively. These two spectra cannot yet be subtracted 
immediately because of the difference in linewidths. Subtraction 
was achieved by simulating spectrum 4B which was obtained by 
broadening the resonances of Fig. VII-4A with an amount of 12 Hz 
by exponential multiplication in the time domain. The difference 
spectrum at the bottom of this figure represents the difference 
Phe 
С minus B. Clearly, also upon complex formation of yeast tRNA 
with UUC resonances hydrogen bonded between the codon and the 
tRNA become visible. Extra resonance intensity is observed at 
about 13.3 ppm in the difference spectrum, which is assigned to 
U(N3) protons hydrogen bonded between UUC and the tRNA. The G(N1) 
proton is not that well resolved. At higher temperatures the 
Phe lifetime of the codon-anticodon complex in tRNA -UUC is too 
short (<5ms) to allow detection of these proton resonances (cf. 
section IV-4). 
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FIG. І І - 4 . 
Phe 360 MHz NMR spectra of the hydrogen bonded protons in yeast tRNA before 
(A,B) and after the addition of 2.7 mM UUC (C), recorded at 20C. A: yeast 
Phe 
tRNA ; B: identical to A, except that the resonances are broadened with 
Phe 
12 Hz by exponential multiplication in the time domain; C: yeast tRNA + 
2.7 mM UUC. The difference spectrum at the bottom of this figure represents 
spectrum С minus spectrum B. Under the conditions of spectrum С 77% of the 
anticodon sites is occupied. The tRNA was made Mg free before use. 
Solution conditions: 1.4 mM tRNA, 0.1 M NaCl, 20 mM Na S Ο , 
10 mM sodiumphosphate at pH 7.0. 
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FIG. VII-5. 
Phe 360 MHz NMR spectra of the hydrogen bonded protons in yeast tRNA in the 
absence (A) and presence (B) of 3.8 mM UUUU, recorded at 1 C. The difference 
spectrum at the bottom of this figure represents spectrum В minus spectrum A. 
Under the conditions of spectrum В about 70% of the anticodon s i tes i s 
occupied. Solution conditions: 1.4 mM tRNA, 0.1 M NaCl, 13 mM Na S 0 , 
30 mM sodiumphosphate pH 7.4. The tRNA was made Mg free before use. 
S i m i l a r e x p e r i m e n t s were c a r r i e d o u t w i t h t h e t e t r a -
n u c l e o t i d e UUUU. This molecule c o n t a i n s t h e codon UUU which has 
t h e i n t e r e s t i n g p r o p e r t y of b e i n g a b l e t o form a s o c a l l e d wobble 
b a s e p a i r i . e . t h e GU-. b a s e p a i r . F i g . VII-5 shows t h e s p e c t r a of 
Phe Phe 
y e a s t tRNA b e f o r e and a f t e r complexat ion of y e a s t tRNA wi th 
UUUU, r e c o r d e d a t 1 C. As i n t h e methyl s p e c t r a o b t a i n e d for t h i s 
complex a l s o t h e hydrogen bonded s p e c t r a do n o t show an i n c r e a s e 
i n l i n e w i d t h . Between 14 and 11.5 ppm t h e d i f f e r e n c e i s t h e s h i f t 
of the r e s o n a n c e of t h e Α,,-Ψ·,- b a s e p a i r . In a d d i t i o n some 
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ppm 
FIG. VII-6. 
31 Phe 
The e f fec t of addi t ion of UUC on the Ρ NMR spectrum of yeast tRNA 
Spectra were recorded a t 35 С in the absence (Л) and in the presence (B,C) 
of UUC (5.8 mM in В and 27 mM in C). Spectrum В and С r e p r e s e n t s i t u a t i o n s 
in which 38% and 75% of the anticodon s i t e s i s occupied. Solution 
c o n d i t i o n s : 0.9 mM tRNA, 0.1 M NaCl, 10 mM MgCl , 1 mM EDTA, 10 mM Na S О 
and 30 mM sodiumcacodylate a t pH 7.0 in D O . 
s p e c t r a l c h a n g e s a r e o b s e r v a b l e i n t h e r e g i o n b e t w e e n 9 - 1 1 . 5 ppm 
w h i c h c a n n o t y e t b e e x p l a i n e d . V i r t u a l l y no e x t r a r e s o n a n c e 
i n t e n s i t y a p p e a r s i n t h e s p e c t r u m m e a n i n g t h a t i n t h i s c a s e t h e 
l i f e t i m e o f t h e o l i g o n u c l e o t i d e - t R N A c o m p l e x i s s u b s t a n t i a l l y 
s h o r t e r t h a n when UUC, UUCA o r s i m i l a r o l i g o n u c l e o t i d e s a r e u s e d . 
V I I - 5 The e f f e c t of UUC b i n d i n g on t h e Ρ NMR s p e c t r u m . 
The e f f e c t of c o m p l e x f o r m a t i o n of UUC w i t h y e a s t tRNA 
on t h e Ρ NMR s p e c t r u m of t h e l a t t e r m o l e c u l e i s shown i n 
Phe 
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Гід. ІІ-6. Effects similar to those obtained for binding of 
Phe UUCA to yeast tRNA are observed i.e. a downfield shift of the 
resonance numbered 1 and 2. In addition an extra resonance 
(numbered 3) appears at 2.6 ppm. This resonance does not shift 
when the trinucleotide is added to the tRNA solution but just 
increases in intensity. This effect is most likely the result of 
a conformational change in the tRNA taking place after binding 
of UUC. Since the resonance is rather narrow this conformation 
must have a lifetime which is long relative to the NMR time scale 
which is contrary to the changes reflected by the shifts of 
resonances 1 and 2. As will be discussed below in the presence 
of UUC the tRNA may probably form dimers and by this process be 
trapped in a conformation which causes resonance 3 to appear. At 
35 C, the temperature at which the Ρ NMR spectra in Fig. VII-6 
were recorded, UUC can still exchange rapidly as we know from 
T-jump experiments (Yoon et al., 1975). This then explains the 
shift of resonances 1 and 2. 
VII-6 Further physical chemical studies of complex formation 
Phe 
of yeast tRNA with UUC. 
Phe Rather surprisingly the binding of UUC to yeast tRNA 
induces a significant linebroadenmg of all resonances of the 
Η NMR spectra (section VII-3 and VII-4). Among other things such 
a linebroadenmg may be the result of a decrease of the 
rotational correlation time of the tRNA molecule after the 
binding process. Such a change in correlation time may be caused 
by a change in molecular conformation or by dimenzation or 
aggregation of the tRNA molecules. 
Two types of experiments have been carried out to check 
these possibilities. First, we measured the time dependence of 
the depolarization of the fluorescence of the Y-base. Although 
the rotational correlation time of the Y-base in the tRNA-UUC 
tended to be somewhat longer than in the tRNA-UUCA complex, the 
» The help of Dr. A. Visser (Landbouw Hogeschool, Wageningen) with the time 
dependent fluorescence measurements is gratefully acknowledged. 
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results were not completely convincing. Secondly, we measured 
the sedimentation rate of the tRNA and its complexes with UUC 
and UUCA m an analytical ultracentrifuge experiment. 
It followed that the sedimentation rates of the tRNA and 
the tRNA-UUCA complex are equal i.e. S?n ы = 3.4 as determined 
at 8 С in a solution containing 0.2 mM tRNA, 10 mM sodium-
phosphate buffer (pH 7.0) and 10 mM MgCl.. This sedimentation 
value is lower than values reported in the literature 
(S ? n w = 4.0; Lmdahl et al., 1965). This is not surprising since 
the latter represent sedimentation rates extrapolated to infinite 
dilution,a correction which has not been made for our experiments 
After complex formation of tRNA with UUC the 3 ? η values 
amounted to 3.9. Such an increase is not expected to be caused 
by a change (unfolding) of the tRNA conformation (Henley et al., 
1966). Rather the results suggest that tRNA dimers or aggregates 
are formed. This is corroborated by the results of an 
equilibrium centnfugation experiment. As shown in Fig. VII-7 the 
concentration gradient obtained for the tRNA-UUC complex is much 
steeper than in the case of the tRNA alone. This provides strong 
evidence that tRNA dimers (or aggregates) are formed upon 
Phe binding of UUC to yeast tRNA . The equilibrium centnfugation 
experiments were performed at a rather high tRNA concentration 
(0.9 mM) to facilitate a direct comparison with the NMR 
experiments. This precluded the derivation of correct and 
unambiguous molecular weights for the tRNA and the tRNA 
aggregates. 
In summary, the ultracentrifugation experiments provide 
strong evidence that the general linebroadening, observed for the 
tRNA-UUC complex in the NMR experiments is caused by a 
dimenzation (or aggregation) of the complexes. 
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FIG. VII-7. 
P lot of the e x t i n c t i o n E as a function of the d i s t a n c e to the ax i s (r) a f t e r 
Phe Phe 
equil ibrium c e n t r i f u g a t i o n of yeast tRNA (lower t race) and yeas t tRNA + 
13 mM UUC (upper t r a c e , 95% of the anticodon s i t e s occupied) . At the 
d e t e c t i o n wavelength (310 nm) only the tRNA c o n t r i b u t e s t o the e x t i n c t i o n . 
The c e n t r i f u g a t i o n proceeded during more than 24 hours a t 30.000 rpm and a t 
о 5 С, m i n d i c a t e s the meniscus. Solution condi t ions 0.9 mM tRNA, 100 mM NaCl, 
10 mM MgCl , 30 mM sodiumphosphate a t pH 7.4. 
V I I - 7 D i s c u s s i o n . 
V I I - 7 - 1 K i n e t i c s a n d t h e r m o d y n a m i c s of c o d o n - a n t i c o d o n 
c o m p l e x a t i o n . 
I n c h a p t e r VI i t h a s b e e n d i s c u s s e d t h a t t h e a n t i c o d o n 
l o o p c o n f o r m a t i o n i n t h e p r e s e n c e of c o m p l e m e n t a r y o l i g o ­
n u c l e o t i d e s i . e . UUCA, UUCG and UUCAG i s g r o s s l y s i m i l a r f o r t h e 
v a r i o u s t R N A - o l i g o n u c l e o t i d e c o m p l e x e s a s j u d g e d from t h e 
s p e c t r a l c h a n g e s o b s e r v e d i n t h e NMR s p e c t r a a f t e r b i n d i n g t a k e s 
p l a c e . The t r i n u c l e o t i d e UUC i s u n i q u e among t h e o t h e r 
n u c l e o t i d e s s t u d i e d i n t h i s t h e s i s i n t h a t a f t e r c o m p l e x 
Phe f o r m a t i o n w i t h y e a s t tRNA i t i n d u c e s a s u b s t a n t i a l l i n e -
b r o a d e n i n g i n t h e 1 H NMR s p e c t r a ( F i g . V I I - 1 , F i g . V I I - 3 ) . T h i s 
l i n e b r o a d e n m g i s s p e c i f i c a l l y d u e t o t h e b i n d i n g o f UUC t o t h e 
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anticodon loop of the tRNA because addition of UUCA to the 
tRNA-UUC complex results in a spectrum in which the original 
lincwidths are recovered (Fig. VII-1). As described in the 
preceding section the linebroadenmg is most likely caused by a 
decrease of the molecular tumbling time as a result of 
dimensation or aggregation of tRNA molecules. It is interesting 
to see how tRNA molecules can possibly form dimers (aggregates^, 
which can reversibly be dissociated. However, we shall first 
discuss some kinetic aspects of the binding of the UUUU and UUC 
oligonucleotides. It has been discussed in chapter IV that the 
protons hydrogen bonded between the oligonucleotides and tRNA 
are observable in NMR when the lifetime of the complex exceeds 
5 ms, so that the linebroadenmg is 50 Hz or less. For all 
oligonucleotides studied except for the tetranucleotide UUUU 
resonances could be observed at 1 С. UUUU forms a wobble basepair 
Phe (Crick, 1966) -GU.,.- with yeast tRNA and apparently, the 
lifetime of the tRNA-UUUU complex is substantially shorter than 
those of the complexes formed with oligonucleotides containing 
the 'correct' UUC sequence. In this respect it should be noted 
that UUU is a legitimate codon sequence for phenylalanine 
incorporation during protein synthesis in vivo. The suggestion 
of Mizuno and Sunderalingam (1978) that such a wobble GU basepair 
provides a stabilization of a double helical complex similar to 
a GC basepair, is thus in sharp contrast with our experimental 
results. 
Yoon et al. (1975) derived all thermodynamic and kinetic 
parameters characterizing the binding of UUC and UUCA to yeast 
Phe tRNA by means of temperature jump experiments using the 
fluorescence of the Y-base to follow the kinetics. As has been 
pointed out in preceding chapters the stability of these tRNA-
oligonucleotide complexes is much higher than that found for the 
corresponding tri- and tetranucleotide double helices. It turns 
out that the enhanced stability of the tRNA-oligonucleotide 
complexes does not derive from the reaction enthalpy. This 
parameter is quite normal for the association of UUC as well as 
UUCA i.e. -59kJ.mol_1 (-14 kcal.mol"1) and -SOkJ.mol"1 
(-19 kcal.mol ) respectively. The improved stability is caused 
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by the entropy terms which are less negative than those 
representative for the formation of the corresponding tri- and 
tetranucleotide double helices. Also the kinetic parameters 
characterizing the association of UUCA to tRNA are similar to 
the values found for corresponding model systems, i.e. the 
association rate constants are of the order of 10 M s , while 
the activation energy is rather low, i.e. 13kJ.mol 
(3 kcal.mol ). These values are typical of the initiation 
propagation reactions of double helix formation of oligo-
nucleotides. Supprizingly, the on rate charaterizing the 
Phe 5 -1 -1 
association of UUC to yeast tRNA is anomalously low 10 M s , 
while the corresponding activation energy is again quite normal 
17 kJ.mol (4 kcal.mol ). 
These observations were explained by suggesting that 
during UUCA binding the formation of the first basepair is the 
rate limiting step, while in the case of UUC the formation of 
the second basepair is rate limiting (Yoon et al., 1975) . It 
should be noted in passing that studies of the formation of 
double helices show that the latter proposition is not entirely 
justified. A number of examples are known in which the nucleation 
length consists of three consecutive basepairs while the 
association rate constant is of the order of 10 M s 
(Riesner and Römer, 1973) . Moreover, the dissociation rate 
constant for the tRNA-UUC complex was found to be even slightly 
lower than for the tRNA-UUCA complex, while the latter complex 
is stabilized by the formation of an extra basepair. 
Apparently, the kinetics of the binding of UUC to the 
tRNA are rather anomalous; similarly, also in our NMR experiments 
the binding of UUC leads to the rather unexpected effect of 
aggregation of tRNA molecules. The present NMR results suggest a 
different explanation for the rather low association rate 
Phe 
constant of yeast tRNA -UUC complex formation. In order for the 
tRNA to form dimers (aggregates) the structure of the tRNA-UUC 
complex must somehow differ from the structure of a single tRNA 
molecule. We therefore consider the following reaction: 
к 
τ + с .А·
1
 тс А
2
 τ(? VII-1 
K
-l -2 
ИЗ 
where Τ and С represent the tRNA and the trinucleotide UUC 
respectively; TC and TC denote different conformations of the 
tRNA-UUC complex. The TC species are supposed to be able to 
form dimers (or aggregates) and under the conditions of the NMR 
experiments (i.e. high concentrations of tRNA) the complexes can 
be 'trapped' in the dimeric state. It can be shown that the 
overall association and dissociation rate constants for the 
formation and dissociation of the TC species is given by: 
a^ss к + к VII-2 
and 
k
-i k-? 
kdiss = k^
 +
 k
+ 2
 V I 1
-
3 
We consider two extremes: 
k_2 
к „ >> к , so that к = к , ; к,. = к , -.—- VII-4 
+2 -1 ass +1 diss -1 к _ 
к 
к „ << к , so that к = =-±1 к
 n
 ; к,. = к
 η
 VII-5 
+2 -1 ass к +2' diss -2 
In the first limit (equation VII-4) we expect к "^ 10 -10 M s . 
ass 
As pointed out above к for the binding of UUC is lower by one 
ass 
to two orders of magnitude and therefore we have to reject the 
first limit. We now consider the second limit. In this limit 
(equation VII-5) the overall rate constant for association is 
determined by the fast pre-equilibrium determining the formation 
of the double helix times the rate constant к _ which 
characterizes the conformational transition in the tRNA. An 
expression for the activation energy follows from equation VII-5 
Ε, = ΔΗ + Ε, , A pre-eq. A conf. 
where E denotes the activation energy for the total association 
process, ΔΗ is the reaction enthalpy of the pre-eq. ^J 
pre-equilibrium and E.
 f is the activation energy of the 
jrV О О П I « 
conformational transition in the tRNA. If we make the assumption 
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that ΔΗ is equal to the reaction enthalpy for the pre-eq. ^ ^2 
formation of the corresponding trinucleotide double helix, 
-59 kJ.mol-1 (-14 kcal.mol"1; Borer et al., 1974) then Е
л
 , = 
_1 _1 _1 Α conf. 
75 kJ.mol (18 kcal.mol ), since E = 16 kj.mol 
-1 (4 kcal.mol ) as determined by Yoon et al. Within the limit of 
equation VII-5 k, = k_2. The off rates are characterized by 
an activation energy of about 75 kJ. mol (18 kcal.mol ). 
Therefore, the reaction enthalpy of the conformational change 
in the tRNA is close to zero,as expected. 
Making the same assumption as above, namely that the TC 
complex can be characterized by the thermodynamic parameters of 
a trinucleotide double helix with ΛΗ = -59 kJ.mol 
(-14 kcal.mol ) and Δ3 = -222 J.mol .degree 
(-53 cal.mol^degree"1) , then at 20C k+l /k % 10 M - 1. 
k
+l kas In the limit of equation VII-5.· j- = . s. This means that 
-1 K2 
k 0 л, 10 s , since к ъ lu s M .We can now show that the 2 ' ass 
condition k-s^k, is still fulfilled since, according to our 
assumption, k.% 10 -10 M s and +1 /к, ^ 10 M giving for 
s ft — ι 
к /vlO -10 s . The dissociation rate constant determined by 
Yoon et al. (1975) is equal to k_2 and is about 10 s at 2 C. 
s 
This means that the equilibrium between TC and TC is shifted to 
s к 2 
the TC form, since +2 /k__ ^10 . As shown above this second 
equilibrium is characterized by a ΔΗ close to zero, while the 
entropy follows from equation VII-6: 
Δ8. . = Δ8. + AS., VII-6 
tot 1 ¿ 
where AS . represent the entropy change of the total 
equilibrium and AS. and AS- the entropy changes for the first 
and second equilibrium of reactions given in equation VII-1. 
AS amounts to -151+29 J.mol .degree (-36+7 cal.mol .degree ). 
-1 -1 -1 -1 
while AS is -222 J.mol .degree (-53 cal.mol .degree ) so that 
-1 -1 -1 -1 
AS- = 71+29 J.mol .degree (17+7 cal.mol .degree ). This is in 
-1 -1 
reasonable agreement with the entropy change of 38 J.mol .degree 
(9 cal.mol .degree ) derived for this equilibrium from 
к 2 
+2/к _= 10 and ΔΗ close to zero. 115 
When using the same reaction scheme for the binding of 
UUCA no consistent set of kinetic parameters was obtained from 
the calculations; apparently binding of UUCA can be described 
without using the TO *TC transition. 
Tf such a T O >-TC transition can take place it is 
reasonable to suggest that a similar transition can also take 
place when no oligonucleotide is bound to the tRNA. Such а Т+--*-Т 
transition would have similar thermodynamic parameters as the 
TC «--»-TC transition. Indeed, Urbanke and Maass (1978) reported a 
conformational transition in the tRNA anticodon loop with a 
activation enthalpy of 67 кJ.mol (16 kcal.mol ) and a reaction 
enthalpy between +8 and -8 kJ,mol (+2 kcal.mol ); these 
values should be compared with the activation enthalpy of 
75 kJ.mol (18 kcal.mol ) and a reaction enthalpy close to 
zero derived independently above. 
Summarizing we can say that although the model given in 
equation VII-1 is somewhat speculative, the calculations show 
that it is consistent with the available data i.e. the data of 
Yoon et al (1975), and of Urbanke and Maass (1978) and the NMR 
results presented in this thesis. 
We may now ask, why we did not observe this conformational 
change when binding the other oligonucleotides in particular 
UUCA to the tRNA. Most likely, the formation of the AU,, basepair 
precludes the conformational transition seen for the UUC 
trinucleotide. In this respect it is interesting to refer to an 
experiment by Möller et al., (1978) in which the effect of UUC 
Phe 
and UUCA on the association of tRNA to 30Ξ ribosomes was 
measured. These authors found that UUC stimulates the binding of 
the tRNA, while UUCA does not. This observation provides 
additional evidence from biochemical experiments that the 
conformation of the tRNA in the tRNA-UUCA complex is functionally 
different from that in the tRNA-UUC complex. The effect of 
codon-anticodon interaction on the structure of the tRNA is 
discussed below. 
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VII-7-2The effect of codon-anticodon interaction on the 
structure of the tRNA. 
In all cases studied in this thesis a change in the 
conformation of the anticodon loop was observed upon binding of 
the various oligonucleotides. It is interesting to see whether 
these changes are propagated at some distance from the 
anticodon loop. 
Indeed, in the low field NMR spectra of yeast and E.coli 
Phe 
tRNA resonances from the tRNA are influenced by oligo­
nucleotide binding. A shift of a resonance located at 13.2 ppm 
Phe is observed upon binding of UUCA to E.coli tRNA (Figs. V-4, 
V-5). This resonance may come from the Α-Ψ basepair, which is 
adjacent to the anticodon loop. In similar experiments using 
Phe yeast tRNA a resonance located at 12.5 ppm is affected by 
oligonucleotide binding (Figs. IV-4, VI-3, VI-5); we have 
speculated that this resonance comes from the G^-C.. basepair, 
which is adjacent to the A-f pair. The shift of these resonances 
indicates that slight changes in the tRNA structure indeed occur. 
Phe Binding of UUC to yeast tRNA has a more profound 
influence on the NMR spectra. At low temperature (Figs. VII-1, 
VII-3) where the exchange of the trinucleotide is considerably 
slowed down a general linebroadening is observed in the hydrogen 
bonded as well as in the methyl proton spectra. Although the 
observation of particular changes in the spectra is somewhat 
hindered the results do indicate that resonances of the 
anticodon stem arc specifically influenced. This is seen for 
instance in Fig. VII-3 where the resonances around the main peak 
are somewhat less well resolved than in the simulated spectrum. 
On the basis of the calculations in chapter II and also using 
the assignments of resonances from anticodon hairpins (Lightfoot 
et al., 1973; Rordorf, 1975) these resonances most likely come 
from hydrogen bonded protons in the G C 2 7 , G C 2 Q and GCU. 
basepairs of the anticodon stem. Similarly, the resonance at 
2.4 ppm specifically affected in the methyl proton spectrum may 
2 
come from the m-G-, residue, which is located on the top of the 
anticodon stem. Apparently binding of UUC can affect the 
resonance position of protons as far as 20 A away from the codon 
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binding site. 
The present results do not give any insight in the 
precise structural adjustments of the anticodon stem upon oligo­
nucleotide binding. An 'unwinding' as well as an expanding of the 
anticodon stem can give rise to the effects experimentally 
observed in Lhc NMR spectra. Mizuno and Sunderalingam (1978) 
pointed out that the flipping of the anticodon loop from the 3' 
stacked to Lhe 5' stacked conformation and vice versa can only 
take place together with a simultaneous flipping of the tilts of 
the anticodon stem basepairs with respect to the helical axis 
of the anticodon stem. This may provide another explanation for 
the specific changes observed in the NMR spectra. 
Wc may now ask whether these changes can furnish an 
explanation for the observed dimenzation (aggregation) of the 
tRNA molecules and concomittant linebroadenmg of the NMR 
spectra. The changes observed for the methyl resonances may 
2 
reflect a disrupture of the т_С2й-Ад. basepair. If we postulate 
that such an effect causes a further disruption of basepairs 
formed by residues of the extra arm this could make the 
G.,-m G.fiU.7 sequence available for basepainng to the Α-,^Ο-,Ο--
sequence of other tRNA molecules, thereby explaining the 
dimenzation process. 
It has been shown that the latter sequence is available 
for mtermolecular basepainng with the trinucleotide GGU with 
4 о 
an association constant of 3x10 at -2 С (Pongs et al., 1973). 
In this respect it is interesting to note that in the preceding 
section it was estimated that the activation energy associated 
with a transition from the TC conformation to the TC 
conformation amounted to about 75 kJ.mol (18 kcal.mol ). This 
is just the amount of energy required to disrupt two or three 
basepairs. 
Although neccesanly speculative the model has some 
attractive features. First, it forms a good working hypothesis 
for designing experiments to test the proposed conformational 
changes. Secondly, it forms a basis for the explanation of the 
behaviour of the socalled Hirsch suppressor tRNA. 
The Hirsch suppressor tRNA (Hirsch, 1971) is able to read 
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the UGA stop codon as the triplet coding for tryptophane. This 
suppressor tRNA turned out to be a mutant of tRNA rP; having the 
normal tryptophane anticodon (CCA) complementary to the codon 
UGG. The structural alteration of this tRNA was found in its 
D-stem, where G«. is replaced by an A. Apparently, one way or 
another the D-stem is involved in the correct reading of the 
mRNA. It is most remarkable that in the three dimensional 
Phe 2 
structure of yeast tRNA the m.G., which seems to be 
Phe influenced by binding of the trinucleotide UUC to yeast tRNA 
is situated rather closely to the G^. residue (Fig. 1-7), which 
is tne site of mutation in the Hirsch suppressor tRNA. Moreover, 
the G?. residue is 'sandwiched' between the residues G.c and 
m G.,, which may be involved in the intermolecular aggregation 
of tRNA molecules, as discussed above. 
At present, it is hard to see why the binding of UUC to 
Phe yeast tRNA leads to a more profound structural adjustment 
within the tRNA molecule than binding of the other oligo-
nucleotides e.g. UUCA. Whatever the reason may be the structure 
of the tRNA-UUC complex is special. This follows not only from 
the NMR experiments described in this thesis, but as well from 
the experiments of Möller et al., (1978) , while it is also 
consistent with the kinetic data of Yoon et al. (1975) (section 
VII-7-1). The correct triplet-triplet interactions between tRNA 
and mRNA may thus favour special tRNA conformations, which may 
be important in the selection of tRNA's on the ribosome 
(Kurland et al., 1975). 
The nature of these special tRNA conformations has to be 
investigated in more detail. Anyhow, if we take the methyl 
Phe 
resonance of the T^. in tRNA as a probe for the disruption of 
the T-loop D-loop interactions, we conclude that binding of UUC 
or other oligonucleotides does not lead to an uncovering of the 
TYCG sequence . Similar results were obtained by Davanloo et al. 
(1978), no effect on the T,-. resonance was observed upon 
Phe formation of the complex between yeast tRNA and E.coli 
tRNAG1U. 
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Chapter Vili 
CONCLUDING REMARKS 
One of the most important steps during protein synthesis 
is the recognition between the codon on the mRNA and the 
anticodon of the corresponding tRNA. This recognition step is of 
a remarkable specificity which is a prerequisite for the 
production of properly functioning proteins. 
Physico-chemical studies of basepainng in double 
helical model systems have demonstrated that the association of 
complementary trinucleotides in dilute solutions is virtually 
undetectable. Therefore, it would be most simple to attribute 
the enhanced affinity and the specific interactions between 
tRNA and mRNA to some property of the nbosome, but recent 
experiments have indicated, that special features of nucleic 
acid structure may contribute to this enhanced affinity. As has 
been discussed in the preceding chapters the binding constants 
between anticodon loops and complementary oligonucleotides are 
much higher than between the corresponding complementary 
oligonucleotides. These high binding constants are due to the 
small dissociation rates of the complexes; the association rate 
constants are usually of the order of 10 -10 mol s" , which 
is normal for the formation of double helices. 
In the present NMR study this enabled us to detect 
resonances of protons hydrogen bonded between the anticodon 
loops and the complementary oligonucleotides. Since this method 
provides enough resolution to be able to distinguish resonances 
of individual protons in the tRNA-oligonucleotide complex and 
thereby individual features of the tRNA structure, we are now 
in a position to discuss how the binding of the complementary 
oligonucleotides to the anticodon loop mimics the codon-anticodon 
recognition process on the nbosome. 
In the present models of protein synthesis the ribosomal 
A- and P-sites are occupied simultaneously by a tRNA molecule 
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(see chapter I). The tRNA m the P-site has attached to it the 
growing polypeptide chain, while the tRNA molecule in the A-site 
is charged with the ammo acid which is connected to the peptide 
chain in the process of transpeptidation. Hence during one step 
in these series of events the CCA ends of both molecules must be 
close enough together in order to allow the transpeptidation of 
the ammo acid attached to the tRNA in the Α-site. At the same 
time, the bases of the anticodons of the two tRNA's must form 
six consecutive basepairs in order to maintain the proper 
reading frame. These requirements impose severe contraints as 
to the spatial positioning of the two tRNA's and the mRNA and 
several models have been put forward to describe this situation. 
On the basis of stereochemical considerations Fuller and 
Hodgson (1967) proposed a model for the tRNA anticodon loop in 
which the five bases on the 3' side of the anticodon loop are 
stacked upon each other. A similar structure of the anticodon 
loop later emerged from x-ray diffraction studies of yeast 
Pho tRNA (Fig. 1-7). In the view of Fuller and Hodgson two tRNA's 
can be accomodated simultaneously on the mRNA, if the mRNA is 
kinked in between the two codon triplets. This model of static 
tRNA structure during protein synthesis is still supported 
(Sunderalmgam et al., 1975, Mizuno and Sunderalingam, 1978; 
Rich and Ra^Dhandary, 1977). 
Woese (1970) suggested a switching of the tRNA anticodon 
loop structure from the FH (Fuller-Hodgson) conformation to the 
hf conformation during protein synthesis. In the hf conformation 
the five bases on the 5' side of the anticodon loop are stacked 
upon each other (Fig. VIII-1). In the Α-site on the ribosome 
the tRNA is thought to adopt the hf conformation while switching 
to FH takes place when coming into the P-site. In this way an 
RNA double helical stack can be formed extending over as many 
as twenty nucleotides. The theory of Woese (1970) thus proposes 
a conformational transition of the anticodon loop during protein 
synthesis. A similar transition has been put forward by Crick et 
al.(1973) in a model describing a primitive protein synthesizing 
system occurring in the process of molecular evolution. Also 
Lake (1977) proposes that the switching of a tRNA from a third 
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FIG. VIII-1. 
The basic translation complex according to Woese (1970). The complex consists 
of mRNA and two tRNA molecules. According to his model, both tRNA's have a 
different conformation of the anticodon loop,- the tRNA in the ribosomal A-sitc 
(tRNA ) adopts the 5' stacked conformation (bases 8-12 are stacked upon each 
other; hf conformation), the tRNA in the ribosomal P-site (tRNA ) adopts the 
3' stacked conformation (bases 6-10 are stacked upon each other; 
FH conformation). SDS stands for Sextuplet Duplex Structure. The first base 
at the 3' end of the anticodon arm has been assigned number 1. Numbering 
proceeds to the 5' end and is not related to the numbering used throughout 
this thesis (see cloverleaf in back cover). 
(From Woese (1970), Nature 226, 817-820,- Copyright: MacMillan Journals Ltd, 
1970) . 
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tRNA site on the ribosome (recognition site) to the familiar 
Α-site occurs via a 5' stack-3'stack transition. 
Our own results as well as other oligonucleotide binding 
experiments indicate that the anticodon loop can adopt the 5' 
stacked conformation and thus is flexible. The observation that 
the pentanucleotide UUCAG can form basepairs with the bases at 
the 5'side of the anticodon demonstrates that the invariable 
residue tU., is available for hydrogen bonding with complementary 
oligonucleotides. 
Subsequently, it is interesting to ask whether this 
residue is also available for basepairing to the mRNA on the 
ribosome. There are indications that such basepair formation can 
in fact take place. Taniguchi and Weissman (1978) showed that 
a point mutation in the initiation region of the bacteriophage 
Qß coat cistron with the sequence AUGG to the sequence AUGA 
leads to a threefold increase in the formation of the initiation 
Met 
complex consisting of fMet-tRNA. -mRNA 30S ribosome. This was 
attributed to the formation of a fourth basepair at the 
initiation site. The results of Taniguchi and Weissman were 
corroborated by Manderschied et al. (1978), who showed that 
Met formation of a complex between fMet-tRNAf and 30S ribosomes is 
more strongly stimulated by AUGA than by AUG. 
Implicit in our present understanding of protein synthesis 
is the notion that the number of bases paired to the anticodon 
loop determines the number of bases the mRNA is moved over the 
ribosome. Support for this idea has come from the discovery of 
the tRNA %_, the socalled suf D suppressor, which is able to 
suppress frameshifts caused by an extra base inserted in the 
mRNA (Riddle and Carbon, 1973) . This tRNA has an extra base in 
its anticodon; the CCC sequence is replaced by CCCC which can 
bind to four consecutive G's on the messenger. Apparently more 
than three basepairs can be formed by the anticodon loop, when 
present on the ribosome. However, critical examination of the 
results (Kurland, 1979) shows that the efficiency of the suf D 
frame shift suppressor is rather limited. Only 10% of the wild 
type activity is recovered through its function (Riddle and 
Roth, 1970; Yourno, 1972). Among other interpretations this 
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suggests that a fourth basepair cannot be so easily formed. 
Analysis of the results of Tamguchi and Weissman (1978) learns 
that their conclusions regarding the formation of a fourth 
basepair is not entirely justified. Formation of an extra 
basepair m addition to the three between the codon and the 
anticodon should result in an increase of the association 
constant by a factor of about 30. Since the authors observed 
only a threefold increase this may indicate that only for a 
small percentage of the tRNA's a fourth basepair is formed. 
Hence although oligonucleotide binding experiments and the NMR 
experiments indicate that basepairs can easily be formed between 
bases on the 5'side of the anticodon and a complementary oligo-
nucleotide this may not so easily happen on the nbosome. Rather 
the positioning of the codon triplet seems to be critical or the 
anticodon loop is kept in a particular conformation, so that 
such interactions are avoided. This is of course required to 
maintain the proper reading frame during protein synthesis. 
Which of the two possibilities is the most important remains to 
be seen. In this respect it is interesting that binding of UUC 
affects resonances of the tRNA far removed from the anticodon 
site and induces a general broadening of other resonances. In 
conjunction with ultracentrifuge experiments these results lead 
to the conclusion that dimeri/ation (aggregation) of tRNA 
molecules occurs, perhaps via bases in the variable arm. This 
indicates that 'long range' interactions exist between the 
anticodon sites and sites more than 20 A away in the tRNA. There 
is also molecular biological evidence for such long range 
interactions as witnessed by the behaviour of the Hirsch 
suppressor tRNA (see section VII-7-2). A mutation in the D-stem 
of the tRNA leads to incorporation of tryptophane into the poly-
peptide chain at the position of the stop codon. Our experiments 
suggests that the long range coupling is only effective when the 
correct juxtaposition of the codon and anticodon is present. 
Additional experiments are required to establish these 
suggestions. The study of the codon-anticodon interaction of 
tRNA r p and of the Hirsch suppressor comes into mind first. It is 
also very interesting to compare the results of oligonucleotide 
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binding to tRNAf and tRNA . 
The present method is by no means confined to study the 
effect of codon-anticodon interaction on tRNA structure, but is 
more generally applicable. The combination of NMR with binding 
of complementary oligonucleotides provides an elegant and 
powerful tool to study the solution structure of single stranded 
regions in nucleic acids. 
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SUMMARY 
To be able to answer questions regarding the structural 
basis of the function of tRNA a thorough understanding of its 
structure in solution is required. Since solution studies yield 
only indirect information, it is most important that for a 
particular set of solution conditions the tRNA conformation can 
be related to the x-ray structure model. Using high resolution 
nuclear magnetic resonance spectroscopy this problem has been 
approached in two different ways. 
First, ring current shift calculations were performed 
using the crystal coordinates derived from x-ray diffraction 
experiments to predict the NMR spectrum of the hydrogen bonded 
Phe 
ring N protons involved in basepairing in yeast tRNA 
(chapter II). Comparison of the results with the experimental 
spectra indicates that the structure of the basepaired regions 
of the tRNA in solution is grossly similar to that in the 
crystal structure. 
Secondly, the effect of the binding of oligonucleotides 
Phe 
complementary to the anticodon loop of tRNA was investigated. 
All oligonucleotides contained the codon sequence UUC except 
for the tetranucleotide UUUU. The complex formation of UUCA with 
Phe Phe 
yeast tRNA and E.coli tRNA is studied m chapters IV and 
V, respectively. Using the methyl resonances of the hyper-
modified base at the 3'side of the anticodon as probes, it is 
shown that the oligonucleotides bind to the tRNA anticodons. The 
binding constants, that are determined by means of NMR are within 
experimental error equal to values found with other techniques 
(e.g. equilibrium dialysis). It is shown by Ρ NMR that the 
conformation of the anticodon loop is influenced by binding of 
complementary oligonucleotides. The conformational changes in 
the anticodon loop are propagated into the anticodon stem of the 
tRNA. 
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The resonances of protons hydrogen bonded between the 
oligonucleotide and tRNA can be resolved in the low-field NMR 
spectra recorded at low temperatures. Ring current shift 
calculations using the x-ray structure for the anticodon loop 
predict resonance positions deviating significantly from the 
observed positions suggesting that the solution structure and 
the crystal structure are different. This feature is studied 
more extensively in chapter VI where the binding of UUCG and 
Phe UUCAG to yeast tRNA is investigated. The number of hydrogen 
bonded proton resonances observed in the low temperature 
Phe 
spectrum of the yeast tRNA -UUCAG complex show that the five 
bases on the 5'side of the anticodon loop are all available 
for basepainng with the complementary pentanucleotide. 
Moreover, the observed resonance positions indicate that in the 
tRNA-pentanucleotide complex the basepairs are stacked upon 
each other in a normal RNA double helical structure. 
Of all oligonucleotides studied, the trinucleotide UUC 
induces the most pronounced effects in the tRNA NMR spectra. In 
chapter VII it is discussed that binding of UUC to yeast 
Phe 
tRNA gives rise to structural alterations within the macro-
molecule as far as 20 ή from the binding site. In addition, 
dimensation (aggregation) of the tRNA molecules occurs possibly 
because of disruption of tertiary structure interactions within 
the molecule. This aggregation is reversible; it can be undone 
by binding of other oligonucleotides to the anticodon loop. The 
kinetic parameters of the helix-coil transitions of the codon-
anticodon complex and a subsequent conformational transition of 
the tRNA are estimated. 
In chapter VIII the results are discussed m relation to 
our present understanding of the mechanism of protein synthesis. 
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SAMENVATTING 
Een analyse van de structuur van tRNA's in oplossing is 
onontbeerlijk voor een goed begrip van het functioneren van deze 
moleculen. Onderzoek aan tRNA's in oplossing levert in het 
algemeen slechts indirecte informatie over de structuur. Daarom 
is het belangrijk, dat de tRNA conformatie in oplossing 
gerelateerd wordt aan het structurele model van tRNA's dat 
gebaseerd is op knstallografische metingen. In dit proefschrift 
wordt op twee verschillende manieren geprobeerd om met behulp 
van hoge resolutie kernspinresonantie spectroscopie deze relatie 
te leggen. 
Op de eerste plaats worden de knngstroomeffekten op 
Phe 
waterstof-gebrugde protonen in het tRNA , geïsoleerd uit gist 
berekend uit de kristalcoördinaten van dit tRNA. Uit deze 
effecten wordt een theoretisch NMR spectrum afgeleid; dit 
theoretisch NMR spectrum wordt vergeleken met het experimentele 
spectrum (Hoofdstuk II). De structuur van de helix-gedeelten van 
het tRNA in oplossing blijkt m grote lijnen overeen te komen 
met de kristalstructuur van deze gedeelten. 
Op de tweede plaats wordt een studie gemaakt van het 
effect van binding van complementaire oligonucleotiden op de 
Phe 
structuur van het tRNA . Daarvoor worden oligonucleotiden 
gebruikt, waarvan de base volgorde complementair is aan die van 
de anticodon loop van het tRNA; vrijwel al deze oligonucleotiden 
bevatten de codon sequentie UUC. 
De invloed van de complex vorming van UUCA met gist 
Phe Phe 
tRNA en met E.coli tRNA wordt beschreven in respectievelijk 
hoofdstuk IV en V. De resonantie posities van de methylprotonen 
afkomstig van de sterk gemodificeerde basen aan de 3' kant van 
het anticodon, worden beïnvloed door binding van de oligo-
nucleotiden. Daaruit wordt geconcludeerd dat de oligonucleotiden 
inderdaad binden aan de anticodon loops van de tRNA's. De 
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bindingsconstanten, die met NMR worden bepaald, zijn binnen de 
experimentele fout gelijk aan de constanten die met andere 
methoden zijn verkregen, zoals bijvoorbeeld m.b.v. evenwichts-
dialyse. Uit Ρ NMR experimenten kan worden vastgesteld, dat 
de structuur van de anticodon loop verandert door binding van de 
oligonucleotiden. Deze conformatieveranderingen in de anticodon 
loop leiden ook tot aanpassingen in de structuur van de anti­
codon stem. 
De resonanties van waterstof-gebrugde protonen in het 
tRNA-oligonucleotide complex zijn waar te nemen in de spectra, 
die bij lage temperatuur (2 C) worden opgenomen. De resonantie 
posities die voor deze protonen voorspeld worden door berekening 
van de kringstroomeffekten uitgaande van de kristalstructuur, 
zijn significant verschillend van de experimentele posities. Dit 
resultaat wijst erop dat de structuur van het tRNA-oligo­
nucleotide complex in oplossing sterk afwijkt van de kristal­
structuur. Dit onderwerp wordt uitgebreid bestudeerd in 
Phe hoofdstuk VI,waar de binding van UUCG en UUCAG aan gist tRNA 
wordt onderzocht. Uit het aantal proton resonanties, dat wordt 
waargenomen in het tRNA-UUCAG complex, volgt, dat een complex 
met vijf baseparen wordt gevormd. De gevonden resonantie 
posities wijzen erop, dat de gevormde baseparen in het tRNA-
UUCAG complex een normale RNA dubbele helix structuur vormen. 
Phe Als het trinucleotide UUC aan gist tRNA bindt, zijn 
de veranderingen in de NMR spectra het meest ingrijpend. Dit 
wordt beschreven in hoofdstuk VII. Ten eerste zijn er dan 
structurele veranderingen waarneembaar op een afstand van meer 
dan 20 A van het anticodon. Ten tweede vindt er dimerisatie 
(aggregatie) van tRNA moleculen plaats. Dit laatste wordt 
mogelijkerwijs veroorzaakt door een openbreken van enige 
'tertiaire' interacties. Deze aggregatie blijkt reversibel te 
zijn. De kinetische parameters van de helix-kluwen overgang in 
het codon-anticodon complex en een daaropvolgende conformatie 
verandering in het tRNA worden geschat. 
In hoofdstuk VIII worden de resultaten besproken in 
relatie tot het mechanisme van de eiwitsynthese in vivo. 
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Chang, 1968). Solid lines indicate tertiary interactions in the 
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spectra. A possible complex between UUCA and yeast tRNA is 
also indicated. The numbering of the basepairs in the codon-
anticodon complex uses the numbering of the bases in the tRNA. 

S T E L L I N G E N 
1 
Wagner en Garrett bestudeerden het effect van codon-
Phe 
anticodon interactie op de structuur van E.coli tRNA met behulp 
van een base-specifleke chemische modificatie reactie. Onder de 
door hun gebruikte omstandigheden is maar een klein percentage 
van de tRNA moleculen met het toegevoegde oligonucleotide 
gecomplexeerd. 
R.Wagner en R.A.Garrett (1978); FEBS Letters 85,291 
2 
De door Nishikura bepaalde pK-waarde van de histidine 122a 
in menselijk hemoglobine is onbetrouwbaar. 
K.Nishikura (1978); Biochem.J. 173,651 
3 
Bi] het scheiden van de σ- en ^-componenten van de ij/er-
olefine binding in Fe(CO).(olefine) complexen houdt Bigorgne ten 
onrechte geen rekening met ladingsoverdracht tussen Fe en CO in 
het FefCO),., dat hij als referentieniveau gebruikt. 
M.Bigorgne (1977); J.Organometal.Chem. 127,55 
4 
Door Early et al. wordt niet ondubbelzinnig aangetoond, dat 
in de helixstructuur van poly(dGT) inderdaad GT baseparen 
voorkomen. 
T.A.Early,J.Olmsted,D.R.Kearns en A.G.Lezius (1978); 
Nucleic Acids Res. 5,1955 
5 
Ten onrechte overwegen Joyard en Douce niet, dat de grote 
hoeveelheid diacylglycerol in door hun geïsoleerde chloroplast-
enveloppen, het gevolg is van de isolatieprocedure. 
J.Joyard en R.Douce (1976); Biochim.Biophys.Acta 424,125 
6 
Bij spectroscopische studies van kristallen van 
4,4'-dimethoxybenzofenon wordt niet altijd voldoende rekening 
gehouden met het reeds lang bekende feit, dat deze stof in 
tenminste twee knstallijne fasen kan voorkomen. 
D.Vorländer (1907); Ber. 40,1420 
A.Chakrabarti en N.Hirota (1976); J.Phys.Chem. 80,2966 
7 
Gibson bestudeerde de ligatie van CO aan spin-state-
hybrides van menselijk hemoglobine. De interpretatie die hij 
geeft aan metingen in aanwezigheid van inositolhexafosfaat, 
is onwaarschijnlijk m het door hemzelf ontwikkelde model. 
Q.H.Gibson (1972); J.Biol.Chem. 247,7332 
8 
In een tijd, waarin de overheid bezwaar maakt tegen de hoge 
verdiensten van makelaars in onroerende goederen ten gevolge 
van de enorme stijging van de huizenprijzen van de afgelopen 
jaren, dient zij zich te realiseren, dat ook de overheid zelf 
- en de notarissen- van deze prijsstijging profiteren. Het ge-
tuigt dan ook van een inconsequent en kortzichtig beleid de over-
drachtsoelastmg op onroerende goederen op 6% te stellen. 
9 
Groeien is een werk-woord. 
Nijmegen,8 juni 1979 


